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1 
COMPARATIVE BASICITY STUDIES OF SOME 
MONO- AND BICYCLIC PHOSPHITE ESTER LIGANDS 
USED IN TRANSITION METAL COMPLEX CATALYSIS 
Introduction 
The electronic properties of phosphorus ligands are 
often deduced from interpretations of spectroscopic data 
of the various complexes and adducts they form. Among 
such properties studied are values of the protonated 
products formed in strong acids (such as H2S0^) (1, 2), 
F3CCOOH (3), FSO3H (4) and FSOgH-SbF^ (5), values of 
Ni(CO)^(L)^_^ (6) complexes (n « 1-3), and in, 
W(CO)gL or W(C0)^L2 (6) complexes, of the borane 
adducts (7), and UV-visible spectra of NiL^ complexes (8). 
In many cases comparisons are made among various phosphorus 
ligands as to their a-basicities and w-bonding abilities. 
31 In the P nmr spectra of the products of nrotonation of 
phosphines and phosphites, is related to the s 
character in the PH bond (9). Among phosphines, was 
found to be inversely related to increased bulkiness of 
the alkyl groups, which was attributed to larger CPC 
angles and consequent decreases in s character in the PH 
bond (4). Among acyclic phosphite esters, the same trend in 
^JpH also observed and is rationalized in the same 
manner (5). Moreover, an increased electronegativity in 
2 
the alkoxy group of acyclic phosphites also resulted in 
increased values which implied that an increase in 
the effective nuclear charge on phosphorus increases the 
value of (1). Vande Griend and Verkade (6, 10) 
first noted that ^Jpjj increases with molecular constraint 
of phosphite esters and put forward the rationale based 
on orbital repulsion and the "hinge effect" (11). According 
to the orbital repulsion explanation, the molecular geometry 
[ I 
OMe OMe 
- 20a 20b 
of 20b, P(OMe)2 and 20a (see Table 1) is such that in 20b (the 
thermodynamically unstable isomer of 20a) the lone-pair on 
phosphorus is repelled by two lone pair p orbitals on 
the two ester oxygens, while in acyclic phosphites the 
phosphorus lone pair is repelled by one oxygen lone pair, 
and because of orthogonality such orbital repulsion is 
absent in 20a (the thermodynamically stable isomer), The 
effect of increased phosphorus-oxygen lone pair-lone pair 
orbital repulsion in the unstable isomer 20b is to raise 
the energy of the phosphorus lone-pair making it more 
polarizable by electron acceptor centers such as H"*", BH^ 
or metals in metal complexes. This increases the p and 
3 
Table 1. Trivalent 1,3,2-dioxaphosphorinanes 
b 
OR 
a 
Compound' R^ R5 R' Reference 
1 Me H H H H Me Me 12. 13. 14. 15 
2 CI H H H H Me Me 16 
3 Et H H H H Me Me this work 
4 i-Pr H H H H Me Me this work 
5 sec-Bu H H H H Me Me this work 
6 t-Bu H H H H Me Me 12, 13 
7 4-bomyl H H H H Me Me this work 
8 H-menthyl H H H H Me Me this work 
9 a-(methoxy 
carbonyl)-
benzyl H H H H Me Me this work 
12 CI H H Me H H H 12, 13, 17, 18 
11a.b Me H H Me H H H 10. 19. 20. 21 
12a. b Et H H Me H H H 15. 23 
13a,b i-Pr H H Me H H H this work 
^Letters a, b after numbers indicate the two possible 
isomers, the "stable" (axial alkoxy group on P) and the 
"unstable" (equatorial alkoxy group on P), respectively. 
4 
Table 1. (Continued) 
Compound R2 R^ R^ R« R^ Reference 
14a. b sec-Bu H H Me H H H this work 
15a.b t-Bu H H Me H H H this work 
16a.b A-bomyl H H Me H H H this work 
17a.b I-menthyl H H Me H H H this work 
18a.b a-
(methoxy-
carbonyl)-
benzyl H H Me H H H this work 
12 CI H H Me Me H H 13, 14, 17, 24, 25 
20a.b Me H H Me Me H H 14. 17, 18, 20. 
24. 26 
21a.b Et H H Me Me H H this work 
22a.b n-Pr H H Me Me H H this work 
23a,b i-Pr H H Me Me H H this work 
24a. b t-Bu H H Me Me H H this work 
25a,b sec-Bu H H Me Me H H this work 
26a.b Z -bomyl H H Me Me H H this work 
27a,b z-menthyl H H Me Me H H this work 
28a.b a -
(methoxy-
carbonyl)-
benzyl H H Me Me H H 
iî Me H Me Me H H H 
30 Me Me Me Me Me H H 
this work 
12. 13. 18 
this work 
5 
Table 1, (Continued) 
Compound 
r—
1 
R2 R4 R^ R' Refer< 
n Cl H H Et Et H H this work 
32 Me H H Et Et H H this work 
33 Me H H H H H H 27 
34 Et H H H H H H this work 
35 i-Pr H H H H H H this work 
36 t-Bu H H H H H H this work 
37 2-bornyl H H H H H H this work 
38 &-menthy1 H H H H H H this work 
39 a -
(methoxy-
carbonyl)-
benzyl H H H H H H this work 
40 MeO—P 
\o^ 
41 P-MeO-P 
28. 29 
30 
6 
Table 1. (Continued) 
Compound R^ R^ R^ R^ R^ R^ Reference 
O^COOU» 
42 M«0—P I this work 
Xo^COOMe 
•e> 
43 ^ 7— this work 
^ 31, 32 
p<?ôZZ  ^
(-)lla I * this work 
OMe 
7 
Table 1. (Continued) 
Compound R^ R^ R^ R^ R^ R^ Reference 
(-)44 (-) p: 
\ 
31, 33, 34 
45 28 
46 / 
Cl-P 
35 
47 
»"-0 
35 
8 
Table 1. (Continued) 
Compound R^ R^ R^ R^ R^ R^ Reference 
48 ClgPOi-Pr this work 
^ i-PrOP(CH2CH(CH3)2)2 this work 
50 
il-Pr 
this work 
9 
decreases the s character In the PH bond and results In 
decreasing The hinge effect explanation was put 
forward to explain the unusually high among the 
bicyclic phosphites (such as ^  and 45). According to 
Verkade (11), this is a result of the decreased POC angle 
upon constraint, such that oxygen lone pair orbitals are 
2 3 
rehybridized from sp toward sp and consequently the 
phosphorus-oxygen dir-pir overlap is decreased. This 
results in less electron density flow from oxygen into 
phosphorus and increases the nuclear charge on phosphorus, 
which leads to higher 
Thus, Vande Griend and Verkade (10) have shown that 
there is increasing with increasing constraint in 
phosphites as follows; 
OMe 
20b 20a 
10 
The order of their basicity (except for the reversal 
of the order of P(0Me)2 and 20b) is the reverse of the 
order of shown above (36), reflecting the decreased 
negative charge on phosphorus with increased constraint, 
i.e., the decrease in phosphite basicity with increase in 
constraint. Consistent with these results, in Ni(C0)2L 
complexes decrease in the order L = ^  > 1 > P^OEt)^ (13). 
This order implies that there is a corresponding decrease 
in electron density on the metal center. 
In this part of the thesis some additional spectro­
scopic results of the complexes W(CO)gL, cis-PtClgLg, CuL^^, 
Ni(CO)^L^_^ (n - 1, 2, 3), the borane adducts, oxides and 
selenides of various phosphites will be presented and 
discussed for a group of phosphites whose NiL^ complexes 
have been used in the catalysis experiments described in 
the sections following. Also, other behaviors of various 
phosphites and their NiL^ complexes in solution will be 
discussed to help explain the differences in their catalytic 
properties in olefin isomerization, hydrocyanation and 
hydrogénation. Among such properties are rates of ligand 
exchange in HNiL^ complexes, the isomerization of the thermo-
dynamically unstable phosphite isomers (llb-18b. and 20b-27b) 
in solutions of the free ligands and of their protonated 
HNiL^^ complexes, and the differences in the basicities of 
the cyclic phosphites as reflected in the values of 
11 
in the carbony1 complexes. Some observations in the 
nmr spectra consistent with a molecular rearrangement in 
the HNiL^ complexes will also be discussed. 
Experimental 
Preparation of phosphites, metal complexes. oxides. 
selenides. and borohydride derivatives of phosphites 
Table 1 lists the structures and the reference 
numbers for the phosphites. 
Materials and techniques Ether, THF and toluene were 
distilled from Na-K alloy. All alcohols, diols and triols, 
pyridine, PClg and PCOMe)^ were of chemical grade purity 
and were used as received. Benzene, hexane and heptane 
were refluxed over and distilled from Na. Methanol was 
refluxed and distilled from P^O^g. All NiL^ complexes 
were purified either by recrystallization or by column 
chromatography (using toluene eluent) through a 10 in by 1 
in column of neutral alumina which retained the unreacted 
excess ligand and the yellowish impurity. 
31 P nmr spectra were obtained in 10 mm tubes with a 
Brucker HX-90 spectrometer operating at 36.44 MHz in the 
2 
Fourier Mode locked on the H resonance of an added 
deuterated solvent. The external standard was 857. HgPO^ 
or PClg (for runs below -30°C) contained in a sealed 1.0 
mm diameter capillary tube held at the center and coaxial with 
12 
the lunr tube by a Teflon plug. The spectrometer was Inter­
faced with a Nicolet Instruments 1080 minicomputer system. 
Positive chemical shifts are downfield from HgPO^. Optical 
rotations were measured using a Perkin Elmer 141 polarImeter 
with a Bausch and Lomb double grating monochrometor and a 
10 cm path cell. nmr spectra were taken using an HA-60 
spectrometer. Positive chemical shifts are downfield from 
TMS. The proton nmr spectral data for cyclic phosphites 
differing only in the exocycllc phosphorus substituent from 
already known cyclic phosphites are similar to the spectral 
data in the literature cited with the expected resonance peaks 
for the exocycllc group. 
Analyses by gc were done on a Varlan series 1700 gas 
chromatograph equipped with a thermal conductivity detector, 
using a 14 ft by 1/4 in copper column packed with 20% FFAP 
on Chromosorb W. Infrared spectra were recorded on a 
Beckman IR-18 grating spectrometer. Mass spectra were 
obtained on an AEl MS902 spectrometer. 
Preparation of samples Preparation of samples 
for protonation of phosphites was accomplished by Initially 
cooling 2 ml of freshly distilled FSO^H to -78*C in a 10 mm 
diameter tube under nitrogen. The ligand was added dropwlse, 
letting each drop roll down the wall of the tube slowly while 
swirling the contents of the tube. Heat was produced as the 
phosphite came in contact with the acid. Local overheating 
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resulted In the formation of charred solid material and 
was avoided by slow addition, constant shaking of the 
tube and keeping the solution cold. A colorless solution 
was obtained which turned brown when the temperature was 
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raised above -40*C. P nmr spectra were taken at -50"C. 
Preparation of samples for the protonation of NiL^ was 
accomplished by making a solution or a suspension of the NiL^ 
complex (1.0 mmole in 5 ml benzene) under nitrogen atmosphere 
and adding 2.0 ml of 5.0 M solution of FgCCOOH in benzene. 
The yellow solution was stirred until all suspended 
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complex had gone into solution. P nmr spectra of these 
samples were taken at room temperature. Methylene chloride 
solutions of the protonated complexes were made in the same 
fashion for low temperature spectra in those cases where 
resolved peaks were observed only at low temperatures. In 
the latter cases the solutions were made at -50*C and 
the spectra were taken at -50*C. 
Preparations 
2-Methyoxy-5,5-dlmethyl-l,3,2-dloxaphosphorlnane(1) 
and 2-Chloro-5,5-dlmethyl-l,3,2-dloxaphosphorlnane(2) 
These were prepared according to a literature method (12). 
2-OR-5,5-dimethyl-l,3,2-dloxaphosphorlnane 
(R - Et (3), R - 1-Pr (4), R - sec-Bu (5), R - t-Bu (6), 
R - n-bomyl (7), R = n-menthyl (8), R - -C(Ph) (H) (COOCH^) 
(9)) To a solution of 16.88 g (100.0 mmole) of the 
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chlorophosphite (2) in 100 ml anhydrous ether at 0®C was 
added 100 mmole of the alcohol (ROH) and the mixture was 
stirred while adding 20.20 g (200.0 mmole) NEtg dropwise. 
The precipitate formed was filtered and washed with ether. 
After evaporating off the ether on a rotary evaporator, 
the residual clear liquid was distilled under vacuum (R • Et 
O) b.p. 62 to 64*/8 mm Hg, 90.2% yield; R = i-Pr (4), b.p. 
66-68®/8 mm Hg, 89.8% yield; R = sec-Bu (5): b.p. 74-76°/8 mm 
Hg. 88.3% yield; R - t-Bu (6): b.p. 75-77*/8 mm Hg, 79.8% 
yield; R - £-bomyl (7): b.p. 135-137°/0.05 mm Hg, 62.5% 
yield. [ct]p^ -32.3 (CHCI3. c - 2.10); R - £-menthyl (8): 
b.p. 142-144V0.05 mm Hg, 75.5% yield. [a]J^ -23.9 
(CHCI3. c - 2.0); R- -C(Ph)(H)(COOCH3) (9): b.p. 140-
143V0.5 mm Hg, 72.3% vield. + 50.5 (CHCI3. c -
2 . 0 ) ) .  
2-6-Methoxy-4-3-methyl-l.3.2-dioxaphosphorinane 
(11a) This was made according to the method by 
White et al. (13). 
2-6-Chloro-4-ct-methyl-l, 3, 2-dioxaphosphorinane 
(10) This was made following the procedure by White 
et al. (12. 13). 
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2-g-0R-4-a-methyl-l,3,2-dioxaphosphorinane 
(R - Et (12a), R - i-Pr (13a), R - sec-Bu (14a), R - t-Bu 
(15a). R - d- bornyl (16a), R - £-menthy1 (17a). R -
-C(Ph)(H)(COOCHg) (18a)) These phosphites were made 
by a variation of the method by Bodkin and Simpson (23). 
The chlorophosphite (10) (15.45 g, 100.0 mmole) and NEtg 
(10,10 g, 100.0 mmole) were stirred in 200 ml dry ether 
at 0° under N2. The alcohol (ROH) (100.0 mmole + 5% 
excess) was added dropwise. After filtering and washing 
the precipitate, the filtrate was evaporated to remove 
ether. The colorless residual liquid was distilled under 
vacuum (11a: b.p. 52-54°/8 mm Hg, 96.1% yield; 12a: b.p. 
63-65*/8 mm Hg, 94.4% yield; I3a-. b.p. 69-71°/8 mm Hg, 
93.1% yield; b.p. 78-80°/8 ram Hg, 95.2% yield; 15a: 
b.p. 94.8% yield; 16a : b.p. 145-148°/0.5 nm Hg, 82.2% yield, 
[al" -25.6 (CHCI3. c = 2.0); I7a: b.p. 148-151Vinm Hg, 
82.3% yield, [ot]^^ -33.1 (CHCI3, c = 2.0); l^-. b.p. 
153-156V0.5 mm Hg. 75.9% vield, [a]p^ +48.5 (CHCI3. c = 2.0)). 
2-Cl-OR-4-a-methyl-l.3,2-dioxaphosphorinane 
(R = Me (lib), R = Et (12b) , R = 2-bomyl (16b) , R = &-
menthyl (17b), R= -C(Ph)(COOCK3) (18b) The 
preceding procedure described for the preparation of the 
isomeric phosphites (12a through 18a) was employed except 
that in the present cases 10% excess NEt3 and a 10% 
deficiency in the alcohol were used (lib : b.p. 35-36°/2 
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mm Hg. 89.5% yield; 1^: b.p. 42-44°/2 mm Hg. 90.0% 
yield, 13b; b.p. 47-49°/2 mm Hg, 88.2% yield; 14b; b.o. 
57-58V2 mm Hg, 92.3% yield; ]Jb: b.p. 56-58°/2 mm Hg, 
92.2% yield; 1^: b.p. 120-123°/2 mm Hg, 76.4% yield, 
[a]p^ -35.4 (CHCI3, c - 2.0); 17b: b.p. 119-123°/2 mm 
Hg, 74.0% yield, [a]" -22.3 (CHCI3, c - 2.0); 18b: b.p. 
112-115°/2 mm Hg, 73.5% yield, [alj^ + 23.8 (CHCI3. 
c = 2.0)). 
2- B-Chloro-4,6-a, ot-dimethyl-l, 3,2-dioxaphosphorinane 
(19) This chlorophosphite was made by the literature 
method (29) from the erythro form of 2,4-pentanediol which 
was isolated as described by Pritchard and Vollmer (25) 
and modified by White and Verkade (36). 
2-6-OR-4,6-a,a-dimethyl-1,3,2-dioxaphosphorinane (R 
= He (20a), R = Et (21a) , R = 1-Pr (2^, R = n-Pr (23a) , 
R = sec-Bu (24a), R = t-Bu (25a) , R = H-bomyl (26a) , 
4 = (,-menthyl (27a) . R = d-C(Ph) (HO(COOCH3) (28a)) 
Equivalent amounts of the chlorophosphite ^  and NEt3 
(100 mmole each) were stirred in 200 ml anhydrous ether 
at 0°C under nitrogen. An equivalent amount of the 
appropriate alcohol was added dropwise. The precipitate 
was filtered and washed with ether. The ether solution 
was evaporated on a rotary evaporator and the residual 
liquid was distilled under vacuum (20a: b.p. 58-60°/8 mm 
Hg, 94.0% yield; 21a: b.p. 66-69*/8 mm Hg, 95.2% yield; 
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22a: b.p. 79-81V8 mm Hg, 95.0% yield; 23a: b.p. 77-79*/8 mm 
Hg, 93.57. yield; 2^: b.p. 89-92°/8 mm Hg, 89.7% yield; 25a: 
b.p. 90-92V8 mm Hg, 92.1% yield; 2^: b.p. 149-153°/0.5 mm 
Hg. 74.4% yield, [a]" -30.5 (CHCI3, c - 2.0) ; 27a: b.p. 
152-155V0.5 mm Hg, 72.3% yield. [a]p^ -26.0 (CHCI3, c -
2.0); 2^: b.p. 159-163V0.5 mm Hg. 69.8% yield, [o]" + 47.6 
(CHCI3. c - 2.0)) 
2- -OR-4,6-cx-a-dimethyl-l. 3,2-dioxaphosphorinanes 
(R - Me (20b). R - Et <21^). R - i-Pr (22b). R - n-Pr (23b). 
R - t-Bu (24b) . R - sec-Bu (25b) . R « n-bomyl (26b) 
R - n-menthyl (27b). R - d-C(Ph)(H)(COOCH3) (28b)) These 
were prepared by the procedure described by Mosbo and 
Verkade (20) for the preparation of 20b, using the chlorophos-
phite ^  and the appropriate alcohols. The products were 
distilled at the same boiling points as the respective 
6-isomers (20a to 28a). 
2-0Me-4-a-6-6-dimethyl-l,3,2-dioxaphosphorinane 
(29) This was prepared from the corresponding chloro-
phosphite and methanol according to the literature method 
(25). The chlorophosphite was made by a literature method 
(14. 15) from PCI3 and the threo form of 2.4-pentanediol 
which was isolated by the fractional distillation of the 
dl cyclic sulfite (24) of 2,4-pentanediol (b.p. 82-84°/12 mm 
Hg) on a spinning band column (29: b.p. 62-64°/8 mm Hg, 90.4% 
yield). 
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2.4-Dlmethyl-2.4-pentanedlol This diol was 
made from 2,4-pentanedione and the Grignard reagent of 
CHgl according to a method described earlier (34). 
2-Methoxy-4,4,6,6-tetramethyl-l,3,2-dioxaphos-
phorinane (30) This was made according to a literature 
method (30). 
3.5-Heptanedlol The reduction of 3,5-
heptanedione in THF with NaBH^ at 0°C gave 3,5-heptanediol 
(b.p. 76-78°/1.0 mm Hg) in 62.2% yield. 
Erythro-3,5-heptanediol The mixture of 
threo and erythro 3,5-heptanediol was converted to the 
cyclic sulfites by reaction with SOClg according to the 
literature method (15). Fractional distillation under 
reduced pressure using a Teflon spinning band column 
(reflux ratio of 20 to 1) separated the meso and dl cyclic 
sulfites. The meso isomer was distilled at 81-83°/8 mm Hg 
and the dl isomer at 92-94°/8 mm Hg. The separated meso 
sulfite was hydrolyzed by stirring it with an aqueous 
solution of 2 equivalents of NaOH overnight. The water 
was evaporated under vacuum and the residue was extracted 
several times with CHClg. After drying over anhydrous 
Na2S0^, the solvent was evaporated and the residue 
distilled under vacuum to obtain 3,5-heptanediol (b.p. 
76-78°/l mm Hg) in 67.5% overall yield. 
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2-0-Methoxy-4, 6-a-oi-diethyl-l, 3,2-dioxaphosphorinane 
^ A solution of PCI2 (4.30 g, 34.6 mmole) in ether 
was magnetically stirred at O'C under nitrogen. Solutions 
of pyridine (6.30 g, 70.0 mmole) and 3,5-heptanediol 
(4.50 g, 34.6 mmole) were added dropwise from two dropping 
funnels over about 30 min. The mixture was further 
stirred for three hours. Methanol (1.11 g, 35.0 mmole) 
and pyridine (3.15 g, 35.0 mmole) were added to the 
reaction mixture dropwise while vigorously stirring. 
Stirring was continued for three hours. The precipitate 
formed was filtered and repeatedly washed with ether. 
The colorless oil obtained on evaporation of the ether 
was distilled under vacuum to yield 3.0 g (45.4% yield) 
of the product (b.p. 88°/0.5 mm Hg; nmr (CDClg) 
CH3 6 1.05 t, = 6 Hz; CHg 6 1.23 m, CH3O Ô 3.65 d, 
^JpOCHg " 12.0 Hz; CCHOP 6 4.62 m; (CDCI3) 6 127.8 
ppm). 
2-Methoxy-l,3,2-dioxaphosphorinane (33) This 
phosphite was prepared according to a literature method 
(12). 
2-Chloro-l,3,2-dioxaphosphorinane This was 
prepared according to a literature method (12). 
2-OR-l,3,2-dioxaphosphorinane (R = Et (34), 
R = i-Pr (35), R = t-Bu (36), R = %-bornyl (37) , R = %-menthyl 
(38) , R- -C(CgH5) (H) (COOMe) (^)) These phosphites 
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were made by reacting equivalent amounts (100 mmole each) 
of the chlorophosphite ^  and the appropriate alcohol 
in the presence of an equivalent amount of pyridine in 
250 ml ether at 0*C. After filtration, the ether was 
evaporated off and the residue distilled under vacuum 
(34 : b.n. 64° 5 mm Hg, 92.0% yield; 32: b.n. 70-72°/5 mm 
Hg. 90.3% yield; 36: b.p. 78-81°/5 mm Hg. 84.2% yield; 
37: b.p. 124-126V1 mm Hg, [a]p^ -23.2 (CHCI3, c » 2.0); 
38: b.p. 134-136V1 mm Hg. [a]p^ -15.6 (CHCI3. c = 2.0); 
b.p. 139-141V1 mm Hg. [a]" + 47.3 (CHCI3. c - 2.0)). 
2-Methoxy-l.3.2-dioxaphospholane (40) This 
was made by a literature method (29). 
2-Methoxy-4,4,5,5-tetramethyl-l,3.2-dioxaphos­
pholane (41) This was made by a literature method 
(30). 
2-Methoxy-4,5-bis(methylcarboxylate)-1,3,2-
dioxaphosphorane (42) Equivalent amounts of P(0Me)3 
and (+)-dimethyltartarate were mixed and stirred while 
slowly warming to 80-85°C. The methanol produced was 
distilled over 1 to 2 hours at atmospheric pressure. 
When two equivalents of methanol were collected 
the residual colorless oily liquid was distilled under 
vacuum (b.p. 124-127°/0.5 mm Hg, [a]" -92.4 (CHCI3, c = 
2 . 0 ) ) .  
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4-Methyl-2,6,7-trioxa-1-phosphabicyclo[2,2,2]octane 
(43) This was prepared according to a literature method 
(37). 
2,7,8-Trioxa-l-phosphabicyclo[3.2,l.]octane (44) 
This was made according to a literature method (31). 
(S)-1.2,4-Butanetriol This was prepared by 
the reduction of (S)-(-)-dimethyl malate with LiAlH^ 
according to a literature method (33). 
(-)-2,7,8-Trioxa4-phosphabicyclo[3.2.l]octane 
((-)-44) This was made by the transesterification of 
P(CJMe)2 with (S)-1,2,4-butanetriol by a method described 
earlier (34) ([a]" -76,2 (CH^CN, c = 2,0), 
(-)-1,3-Butanediol The method of Gerlach et 
al, (38) was used to resolve 1,3-butanediol, 
(-)-2-g-Methoxy-4-a-methyl-l,3,2-dioxaohosphorinane 
((-)-lla) A mixture of equivalent amounts of P(0Me)2 
and (-)-1,3-butanediol was stirred while warming to 80-85°C 
to distill off methanol as it formed over 1 to 2 hours. The 
product was distilled under vacuum (b,p. 56-58°/8 mm Hg, 
[ct]" -16.8 (CHCI3. c = 2,0)), 
l-Chloro-3-methyl-2-pentene This compound 
was made by a modification of a literature method (39) . 
Freshly distilled SOClg (60,7g, 0.510 mole) was added, 
dropwise, over 2 hours to a solution of 3-methyl-l-pentene-
3-ol (50.0 g, 0.500 mole) in ether at 0°C under nitrogen. 
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The mixture was further stirred for 1 hour at room 
temperature. The clear greenish solution was decanted 
and filtered to remove any suspended material. Flash 
distillation under reduced pressure was performed to 
separate the two isomeric chloro-olefins ^  and 52. 
SOClg 
Et(Me)(OH)CCH = CHg ^ Et (Me) (C1)CCH-CH2 
n  
+ Et(Me)C-CHCH2Cl 
52 
The fraction boiling from 57 to 59°/110 mm Hg, found to be 21 
by nmr spectroscopy, was obtained in 21.5% yield (^H nmr 
(CDCI3) (CH3 6 0.95 t, = 7.5 Hz; CHg 6 2.10 q, 
^Jhh = 7.5; CHg 6 5.40 d, = 8.0; CH 6 5.85 t, 
^Jhh ® 8.0). Isomer 5^ distilled at 79-81°/110 mm Hg 
(y i e l d  2 5 % ;  ^ H  n m r  (CDCI3): CH3 0  0 . 9 5  t ,  = 7 . 5 ;  
CH3 6 1.70 s; CH2 Ô 2.1 q, = 8.0; CH ô 5.4 t, = 
8.0; Z:E = 3:1 as determined by gc). 
4-Methyl-3-hexenenitrile This was made 
from l-chloro-3-methyl-2-pentene by a modification of 
a literature method (40). A 250 ml, 3-neck flask 
equipped with a mechanical stirrer and a condenser with 
a drying tube was thoroughly flushed with nitrogen. 
Under nitrogen flow, 10.0 g (0.12 mole) of freshly dried 
CuCN and 0.25 g KI were added. \^ile stirring slowly, 
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14.0 g (130.0 nnnole) of l-chloro-3-methyl-2-pentene was 
added, dropwlse, from a pressure-equalizing dropping 
funnel. Refluxing soon ensued, and the stirring was 
continued until refluxing was over (2 to 3 hours). The 
mixture was then heated to reflux slowly for 6 to 8 
hours. After cooling to room temperature, the reaction 
mixture was filtered. The clear brown filtrate was 
flash-distilled under vacuum. The distillate boiling from 
87-90°C/3 mm Hg was collected to obtain 54.07» yield 
(Z:E = 3:1 as determined by gc). 
2,5,7-Trioxa-l-phosphabicyclo[2.2.1]heptane 
(45) This was prepared according to a literature 
method (41). 
2-Chloro-l,3,2-dioxaphosphacycloheptane (46) 
This comoound was made as described earlier (6). 
2-Methoxy-l,3,2-dioxaphosphacycloheptane (47) 
This compound was made according to a method described 
earlier (6). 
Meso-1,5-dibromo-2,4-dimethylpentane This 
was made according to a literature method (42). 
Dichloroisopropylphosphinite (48) To a 
solution of PClg (0.25 mole, 34.4 g) in 250 ml anhydrous 
ether was added, dropwise over an hour, isopropanol 
(0.25 mole, 15.0 g) while stirring at 0°C. The HCl 
evolved was allowed to escape. Dry nitrogen was slowly 
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bubbled through the reaction mixture for 3 to 4 hours to 
drive off all HCl and ether was removed under vacuum. The 
residue was distilled under vacuum to obtain the product 
in 89.5% yield (b.p. 65-67°/2 mm Hg, nmr (CDClg), 
CH3 6 0.93 d - 6.5 Hz, CH 6 4.60 m; 6 ^If^cDClg) 
166.4). 
Bis-(2-methyl-n-propyl)isopropylphosphinite (49) 
To a solution of dichloroisopropylphosphinite prepared 
above (0.100 mole, 16.1 g) and pyridine (0,200 mole, 
15.8 g) in 200 ml anhydrous ether vigorously stirred at 
-60°C under nitrogen atmosphere was added, dropwise, 
over 30 min to an ether solution of freshly prepared 
0.200 mole of the Grignard reagent of 2-methyl-l-bromo-
propane. The reaction mixture was allowed to warm up 
to room temperature. Degassed hexane (150 ml) was added 
and, after stirring for 10 min, the precipitate was 
allowed to settle. The clear supernatant solution was 
removed and the solvents evaporated under vacuum. The 
resulting oily liquid was distilled under vacuum to yield 
6.5 g (32.5% yield) of the product (b.p. 62-64°/2 mm Hg, 
6 (CgHg) 141.3 ppm; ^H nmr (CgHg): CH3 6 1.23 n; 
PCHg 6 2.78 m; PCCH 6 3.3 m, POCH 5 4.53 m; g for P"*" 
204.3 (calcd) , 204.2 (exptl)). 
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2-Isopropoxy-4, 6-oi, a-diinethyl-2-phosphorinane 
(50) The di-Grignard reagent of meso-l, 5-dibroino-2 , 3-
dimethylpentane was used in the procedure described for 
the preparation of The product was obtained 
in 23.47. yield (b.p. 56-58°/2 ram Hg; ô (C^H^) 129.3 ppm; 
^Hnmr (C^Hg) : CH3 0 1.03 m, PCCCH2 1.34 d - 5.6 Hz, 
PCH2 8.27 m. PCCH 6 3.27 m, POCH 6 4.49 m; 5 for P"*" 
188.25 (calcd), 188.30 (exptl)). 
NiL^(L - 1^, 3) To 1.65 g (10.0 mmole) of 
freshly prepared Ni(CH2"CHCN)2 (43) stirred in 20 ml toluene 
under nitrogen at 0°C, 50.0 mmole of the phosphite was 
added dropwise, whereupon the solution became clear yellow. 
After stirring the solution for about 30 min and then 
warming it up to room temperature, the solvent was evaporated 
off under vacuum, leaving a faintly yellowish solid. 
This was dissolved in a minimum amount of toluene and 
chromatographed through neutral alumina using toluene 
solvent. The solvent was evaporated under vacuum leaving 
behind the product as a white powdery solid (Ni(l)^: 72.0% 
yield; | for P"*" 714.60 (Calcd), 714.72 (exptl.); Ni(3)^: 
76.27. yield; 5 for P"*" 770.61 (Calcd), 770.70 (exptl)), 
NiL^(L - 4, 5, 6, 7, 8, 9) To 1.65 g (10.0 
mmole) of freshly prepared Ni(CH2"CKCN)2 stirred in 
30 ml toluene at room temperature, 50.0 mmole of the 
phosphite was added dropwise. Over 2 to 3 hours, the 
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clear solution slowly turned faintly yellow with some 
deposition of white solid. After stirring for an 
additional 6 to 8 hours, the solvent was evaporated 
under vacuum. The residual solid was dissolved in a 
minimum amount of boiling heptane. On cooling slowly, 
a white microcrystalline solid formed (yields: Ni(4)^; 
85.0%; NKS)^; 83.3%; NiCô)^; 82.5%; NiC?)^; 85.8%; 
Ni(8)^; 82.7%; Ni(9)^; 81.0%). All complexes are stable 
at room temperature in air for several months. All are 
moderately soluble in warm hydrocarbon solvents but 
insoluble in the more polar organic solvents such as 
CHCI3. CHgClg, THF and ether. 
NiL^a = Uh. l^, l^. I3a, 1^, 14a, 
The procedure described above for the synthesis 
and purification of Ni(4)^ was followed. A colorless oil 
was obtained in each case on evaporating the solvent 
(yields: Ni(11a),80.0%; Ni(lJ^)^; 82.0%; Ni(l^)^; 80.0%; 
Ni (12b)/,; 82.5%; Ni(13a)/, ; 80.5%; Ni (13b),,; 81.5%; 
Ni(14a)/, ; 84.5%; Ni(14b)/, ; 84.0%). These complexes are 
air and moisture sensitive, turning green on exposure 
to air, at room temperature over about 2 to 4 hours. 
Their solutions in CHCl^ turned green over about 
30 min in air at room temperature. 
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NlL^ a  -  1 ^ ,  I 6 h ,  I 7 a .  Nb, 3^, 1^) The 
procedure described for the synthesis of Ni(4)^ was followed. 
A white solid product was obtained in each case (yields : 
Nt(16a)/^: 82.4%; Ni(16b),80.6; Ni(17a) ; 85.2%; Ni(17b), 
82.2%; Ni(18a); 80.5%; Ni(18b),^ ; 85.5%). All the complexes 
are stable to air and moisture for several months at 
room temperature. 
NiL^CL = 20a, 20b, 2]^, 2]^, 22a, 22b, 2^, 2^, 
24a. 24b. 25a. 25b. 26a. 26b. 27a, 27b. 28a, 28b) The 
procedure described above for the synthesis of Ni(4)^ 
was followed. In the cases of 20a, 20b, 21a, 21b, 22a, and 
22b, colorless oils were obtained. Methanol solutions 
of the oils kept at dry ice temperature overnight produced 
white microcrystalline solids. The solid products were 
filtered and dried under vacuum. In the cases of 23a, 23b. 
24a, 25a, 25b, 26a, 26b, 27a, 27b, 28a, and 28b. white 
solids were obtained. These were recrystallized by dis­
solving in boiling heptane and standing overnight at room 
temperature, producing colorless crystals (yields: Ni(20a) 
80.5%; Ni(20b)/,, 82.0%; Ni(21a)/,. 81.0%; Ni(^)^, 85.2%; 
Ni(^)^, 81.3%; Ni(22b)79.6%; Ni(^)^, 81.5%; 
Ni(23b)^, 82.0%; Ni(2^)^, 79.5%; Ni(2^) , 82.3% Ni(25a)/,. 
75.2%; Ni(25b)/,, 78.7%; Ni(26a)/,. 81.0%; Ni(2^)^, 85.6%; 
Ni(27a)/,, 80.1%; NKgiBa)^. 85.0%; Ni(2^)^, 84.9%). 
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Ni(29)^ This complex was made by the 
procedure described for the synthesis of Ni(4)^. The 
product obtained was a thick colorless oil. Attempts 
to crystallize this from ether, methanol, methylene 
chloride and heptane failed (yield: 73.2%). 
Ni(30)^ The procedure described for the 
synthesis of Ni(4)^ was used. A white powdery product 
was obtained in 81.2% yield. 
Ni (32) The procedure described for the 
synthesis of Ni(4)^ was used. A white powdery product was 
obtained in 86.0% yield. 
NiL^CL - 33, 34, 35, 36, 37, 38, 39) Each 
of these complexes were prepared following the procedure 
described for the preparation and purification of Ni(4)^. 
The products were obtained as white solids (yields: 
Ni(33)^, 69.5%; Ni(34)^, 72.3%; Ni(35)^, 70.4%; Ni(36)^, 
76.2%; Ni(37)^, 76.5%; Ni(38)^, 75.9%; Ni(39)^, 77.1%). 
NiL^(L - (-)-(lla)) This complex was made 
by the procedure described for the synthesis of Ni (lia) . 
The product was obtained as a thick colorless gummy 
solid + 85.4 (CDCI3, c - 2.0)). 
NiL^(L » ^) To stirred suspensions 
of Ni(CH2«CHCN)2 (0.88 g, 5,0 mmole) in toluene at 
O'C were added dropwise, the ligand 4£ or ^  (25.0 mmole). 
After allowing the reaction mixtures to warm up to room 
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temperature, it was stirred for 3 hours more. The clear 
faintly yellowish solution was evaporated under vacuum 
leaving a white solid with a faint yellowish tint. After 
chromatography through an alumina column, evaporation of 
the solvent under vacuum produced the white solid products 
(yields: Ni(^)^, 58.87.; Ni(^)^, 63.37,). 
NiL^(L - ^ The procedure 
described for the preparation and purification of Ni(41)^ 
was used to obtain these complexes as white powdery solids 
(yields: Ni(^)^, 66.8%; Ni(«)^, 62.2%; Ni(^)^, 91.0%; 
Ni(^)^. 43.8%; Ni(^)^ 67.3%). 
Ni(49)^ To a stirred suspension of Ni(CH2" 
CHCN)2 (0.83, 5.0 mmole) in toluene at room temperature 
was added, dropwise, the phosphite ^  (4.1 g, 3.5 mmole). 
A brown solution was obtained after an hour of stirring. 
The solvent was removed under vacuum to obtain a thick 
brownish oil. Chromatography through a 12 cm x 2 cm 
column of neutral alumina using hexane solvent gave 
2.2 g (48,37. yield) of a faintly brownish oil on evaporation 
of the solvent. The product showed only one spot on 
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an alumina TLC plate using toluene solvent (6 P (CDClg) 
137.3 ppm). 
Ni(50)/^ This complex was made in the same 
way as described for the synthesis of Ni(49)^. A colorless 
oil was obtained on evaporation of the solvent (in 53.2% 
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yield). The product showed only a single spot on alumina 
TLC plate using toluene solvent and only a single peak In 
the nmr (6 (CgDg) 163.5 ppm). 
N1(C0)3<1) The llgand 1 (0.94 g, 5.7 nnole) In 
10 ml toluene was added to 1.2 g (7.0 mmole) Nl(CO)^ 
In 10 ml toluene at 0*C. After stirring for 4 hrs the 
solvent was evaporated under vacuum. The solid residue 
was dissolved In hexane and chromatographed through neutral 
alumina using hexane/benzene (1:1) mixture as eluant. 
The solvent was evaporated off to give a white powdery 
solid (yield: 58.6%; ^  for P"*": 306.72 (calcd), 306.71 
(exptl)). 
(Ni(CO)2(20a) The procedure described for 
the complex of 1 was followed but it was not possible 
to Isolate solid product at room temperature. On cooling 
a methanol solution of the product to -78*C, white crystals 
were formed, which then melted as the solvent was warmed 
above -30°C. Both the solution and the oil are unstable 
at room temperature under nitrogen for more than a few 
hours (yield: 49.6%; ^  for P"*": 306.71 (calcd), 306.72 
(exptl)). 
Ni(CO)2(20b) The procedure described for 
the complex of 20a was followed. A colorless oil was 
obtained (yield: 53.8%; ^ for P^: 306.72 (calcd), 306.71 
(exptl)). 
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N1(C0)2L2(L - 1, 20a, 20b, To 0.32 ml 
(2.5 mmole) of Ni(CO)^ in CCl^ stirred at 0®C was added 
5.0 mmole of the phosphite in 5 ml CCl^. The solvent was 
evaporated and the residue chromatographed through an 
alumina column using hexane. Evaporation of the solvent 
gave the product as a white solid (Ni(CO)2(1^)2: 84.5% 
yield, | for P"*": 442.72 (calcd). 442.71 (exptl) ; 
Ni (CO) 2 (20a) 2: 65.37, yield, g for P+: 442.72 (calcd). 
442.71 (exptl) ; Ni (CO) 2(^)2= 62.57, yield.for 
442.72 (calcd). 442.71 (exptl) ; Ni (CO) 2 (^7) 2: 80.27, 
yield. 5 for P"^: 382.70 (calcd). 382.73 (exptl)). 
Ni(C0)L3(L - 1. 20a, ^) To 0.32 ml 
(2.5 mmole) Ni(CO)^ in 10 ml of benzene was added, dropwise, 
8.0 mmole of the phosphite in 10 ml of benzene. The mixture 
was stirred for 16 hrs at room temperature. It was then 
refluxed for 4 hrs more. The solvent was evaporated 
under vacuum, and the residue was chromatographed through 
a neutral alumina column using hexane solvent. A colorless 
powdery solid was obtained in each case on evaporating 
the solvent (Ni(CO) (l)^; 73.57, yield, | for P"*": 578.73 
(calcd), 578.71 (exptl); Ni(C0)<^)3: 66.37, yield. 
I for P"^: 578.73 (calcd). 578.68 (exptl); Ni (CO) (20^)]: 
68.57, yield, g for P"*": 578.73 (calcd). 478.70 (exptl) ; 
Ni(00(^)3: 79.37, yield, g for P"^: 488,71 (calcd), 488.72 
(exptl)). 
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Cu(^)^BF^ In 20 ml acetone, 1.04 g of 2,2-
dimethoxyproTîane (10.0 mmole) and 0.32 g (1.0 mmole) 
Cu(H20)g(BF^)2 were stirred at 0*C, and 1.34 g (8.00 mmole) 
of the ligand was added dropwise. The reaction was exothermic 
and the blue color of the aquo complex faded as the ligand 
was added. The solution was stirred for an hour at room 
temperature. Addition of ether until the appearance of the 
cloud point and stirring deposited colorless crystals over 
a period of 30 min. The crystals were allowed to settle 
and after filtration and washing with ether, they were dried 
under vacuum to obtain an 84.0% yield. 
C u ( 2 0 a ) T h e  p r o c e d u r e  d e s c r i b e d  f o r  t h e  
preparation of Cu(l)^BF^ gave a colorless oil in 79.6% 
yield. The oil could not be crystallized from the common 
organic solvents such as CHgClg, CH^CN, or methanol. 
Cu(20b)^BF^ The procedure described for the 
preparation of Cu(l)^BF^ gave colorless oily product in 
52.3% yield. 
cis-Pt(l)2Cl2 The phosphite (0.73 g, 4.5 
mmole) was added to 0.83 g (1.76 mmole) PtCl2(PhCN)2 
in 10 ml CH2CI2 and 5 ml benzene at room temperature. The 
mixture was stirred at room temperature for 3 hrs. Hexane 
was then added in small portions to the cloud point of the 
solution, Further stirring over 15 min produced a white 
solid which was allowed to settle. Filtering, washing with 
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hexane and drying under vacuum produced a white powder in 
62.2% yield. 
cis-Pt(20a)pCln This complex was prepared 
in the same manner as described for the complex of 1. The 
product obtained was reprecipitated from a solution of 
methylene chloride by addition of hexane to the cloud 
point and cooling to ice temperature. After filtering 
and washing with hexane and drying under vacuum a white 
solid product was obtained in 53.0% yield, 
cis-Pt(20b)2CI2 The procedure described for 
the preparation of the complex 20a was followed. A 
colorless solid was obtained in 48.5% yield. 
To a solution of 1.64 g (10.0 mmole) 
in 15 ml THF was added 12,0 ml IM BHg in THF under nitrogen 
at room temperature. The mixture was stirred for 2 hrs. 
The solvent was stripped off under vacuum to produce a 
clear colorless oil. A pentane/THF mixture (3/1) was 
added in 15 ml portions ; the mixture was shaken and the 
liquid withdrawn. This process was repeated several 
times, finally giving a white flaky solid. Evaporating 
the residual solvent under vacuum gave a white free flowing 
solid. Reprecipitation from a solution of THF by adding 
pentane to the cloud point and cooling to 0®C gave a white 
flaky solid, which was dried under vacuum, to yield 
1,3 g (73.3%) of the product. 
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HgB:^ To an Ice cooled solution of the 
llgand (1.34 g, 10.0 nonole) in 15 ml THF was added 15 
ml of a IM BHg in THF. A white powdery solid immediately 
settled down, which was separated by filtration under 
an .N2 atmosphere, washed with 5 ml portions of THF 
several times and dried under vacuum to obtain 0.89 g (60.5% 
yield) of the product. The compound is stable under an N2 
atmosphere at room temperature for days, but turns oily in 
air. 
HgB:^ The procedure described for the 
preparation of the adduct of ^  was followed. A white 
solid formed almost immediately on addition of BHg/THF 
which was allowed to settle. The product was filtered, 
washed and dried under vacuum to obtain 45.57-, yield. The 
white solid obtained is stable at room temperature under inert 
atmosphere but slowly changes to a gummy solid on exposure to 
air for a few hours. 
W(CO)gCl) To a solution of 0.83 g (2.0 mmole) 
of W(C0)2(CgH^NH2)(44) in 25 ml benzene was added 0.32 g 
(2.0 mmole) of the phosphite. The mixture was stirred 
under nitrogen at room temperature for 24 hrs by which 
time the yellow color of the aniline complex had disappeared. 
Removal of the solvent under vacuum left a colorless oil. 
Chromatography through an alumina column using CHClg followed 
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by removal of the solvent under vacuum gave white crystals 
in 45.3% yield. 
W(CO)g(20a) The procedure used in the 
preparation of W(CO)g(l) was used to obtain white powder 
in 36.4% yield. 
W(CO)g(20b) The procedure used in the 
preparation of W(CO)g(l) was used producing a white powdery 
solid in 34.4% yield. 
2-Methoxy-2-oxo-5.5-dimethyl-l,3,2-
dioxaphosphorinane This oxidation was done by a 
literature method (6), 
2.7,8-Trioxoxa-1-oxo-1-phosphabicycle(3.2.1)octane 
This was prepared by N^O^ oxidation of the bicyclic phosphite 
following a procedure described for the oxidation of 1 above. 
The product deposited out of solution as it was formed. It 
was washed with CCl^ and dried under vacuum to give 85.5% 
of the product. 
2-Methoxy-2-seleno-5.5-dimethyl-l,3.2-
dioxaphosphorinane This selenide was prepared according 
to a literature method (45). 
2.7.8-Trioxa-l-seleno-l-phosphabicyclo(3.2.1)octane 
The procedure described above for the selenide of 1 was 
followed to obtain a white powdery solid in 45.3% yield. 
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NiCPCOC^Hg)^)^ This complex was prepared 
according to a literature method (46). 
Ni(P(0Me)3)4. NiCP/OEt)])^ and NiCPCOi-Pr)])^ 
These complexes were prepared in the same manner as Ni(l)j^. 
Results and Discussion 
It is seen from Table 2 that the P-H coupling 
constants of the protonated 2-alkoxy-l,3,2-dioxaphosphorinanes 
are in general 20 to 30 Hz higher than the coupling constants 
of acyclic phosphites which range from 795 to 835 Hz 
(47, 48). As discussed in the Introduction, orbital 
repulsion alone or the observed parallel between decreasing 
basicity and increasing ^Jpjj values would predict that 
the values of would be in the decreasing order 
20a > P(OHe)^ > 20b. While the order of 20a > 20b is 
observed the order P(OMe)^ > 20b is reversed. Vande 
Griend and Verkade (6) have attributed this reversal to 
the strong Lewis acidity of H"*" which, because of its 
strong polarizing ability, induces the "hinge" effect by 
decreasing the POC angle. This effect raises the 
of 20b higher than that of P(OMe)g. 
The presence of an electron withdrawing substituent 
on phosphorus is expected to raise the value of 
both by increasing the s character of the lone pair 
(since orbitals with more p character are favored for bonding 
to electronegative substituents) (49) and increasing the 
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Table 2. 
31 P values of some monocyclic and blcycllc phosphite esters 
values of the products of their protona-(L) and 6 and 
PH 
tlon by FSO^H at -50'C 
« '^?<L)(ppi») « (Hz) 
(CDCI3) 
I 
OR 
Me a) 
Et (3) 
1-Pr(4) 
sec-Bu(_5) 
£.-bornyl (_7) 
2-menthyl( 8 )  
a-(methoxycarbonyl)benzyl(9) 
/ 
OR 
R = Me(11a) 
Et(12a) 
1-Pr(13a) 
sec-Bu(14a) 
t-Bu(15a) 
123.8 
123.2 
120.8 
120.5 
122.0 
121.8 
121.5 
%-bornyl(16a) 
î,-menthyl (17a) 
a-(methoxycarbonyl)benzyl(18a) 126.3 
127.7 
127.2 
126.8 
124.6 
126.5 
126.4 
126.0 
18.0 
16.2 
16.5 
17.0 
16.2 
16.9 
16.8 
17.5 
15.6 
16.8 
16.5 
17.1 
17.2 
16.9 
17.0 
861 
853 
852 
852 
856 
853 
852 
871 
863 
855 
858 
857 
854 
865 
864 
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Table 2. (Continued) 
6 ^^P(L)(ppm) 6 ^^P(HL'*') (ppm) ^Jpg(Hz) 
(CDCI3) (+4) 
R - Me(11b) 133.3 17.8 842 
Et(12b) 132.9 16.7 846 
1-Pr(13b) 132.6 17.7 844 
sec-Bu(14b) 132.6 16.9 838 
t-Bu(15b) 131.4 16.9 840 
&-bomyl(16b) 131.2 18.0 845 
H-menthyl(17b) 134.5 17.3 848 
g-(methoxycarbonyl)benzyl(18a) 130.8 18.5 844 
P' 
OR 
R - Me(20a) 127.6 16.5 861 
Et(21a) 127.1 16.5 855 
i-Pr(23a) 126.6 16.8 853 
Jl-bomyl(26a) 126.0 16.6 854 
)l-menthyl(27a) 125.9 16.9 856 
a-(methoxycarbonyl)benzyl(28a) 125.9 16.4 858 
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Table 2. (Continued) 
5 ^4(W (ppm) 8 (ppm) 
(CDClj) 
R - Me(20b) 133.04 17.8 830 
Bt(21b) 133.3 16.9 831 
1-Pr(23b) 133.3 17.6 833 
&-bomyl(26b) 134.6 17.4 833 
A-menthyl(27b) 134.5 17.4 834 
o-(methoxycarbonyl)benzyl(28b) 132.8 17.3 834 
1 
OMe 
(33) 129.8 18.1 871 
MeO—P 
\o^ 
(^ ) 127.6 43.7 913 
P'>- y_ 
^ y— («) 92.6 21.4 899.2° 
Reference 6. 
^Reference 10. 
40 
Table 2. (Continued) 
'^P(L)(ppm) \_(Hz) 
(CDCI3) ™ ) 
MeO-P J 
(44) 123.6 
(45) 133.7® 46.1® 928.8® 
(47) 134.6 28.5 846.0 
^Thls phosphite decomposes to form a charred brown solution in 
FSOgH at -78®C, which shows only undefined broad peaks at -10 to 10 ppm. 
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effective.nuclear charge on phosphorus. Among acyclic 
phosphites this has been shown clearly by the differences 
between the P-H coupling constants of, for instance, 
HPCOCHgCHg)] (806 Hz) and HPCOCHgCF^)^ (910 Hz) which is 
attributed to the greater electron withdrawing ability of the 
-CFg group in the latter phosphite, which increases the 
effective nuclear charge on phosphorus. This effect is 
not observed among the six-membered cyclic phosphites 
studied here as seen in the close similarity of the PH 
coupling constant values for 7. that of 9^. Since 
the a-(methoxycarbonyl)benzyl group on 9 with its carboxylate 
group would be expected to have greater electron withdrawing 
ability, the P-H coupling would have been expected to 
be higher by analogy to the acyclic systems, Vande Griend 
(6) has obseirved that in the five-membered cyclic phosphites 
^JpH for ^  is less than the value of the same cyclic 
phosphite with a phenoxy exocyclic substituent. Since 
the phenoxy group is more electron withdrawing than the 
methoxy group, this observation is in agreement with the 
effect among acyclic phosphites, The anomaly observed in 
the values among the sixrmembered phosphites is not 
understood at this point. 
The values of for the bicyclic phosphites and 
five-membered ring phosphites are higher than those of the 
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six-membered phosphite as expected according to the 
"hinge" effect discussed in the Introduction. 
The six-membered cyclic phosphites with alkyl 
substituents at the 4-position (11-19) or the 4- and 6-
positions (20-28) have a rigid chair conformation which makes 
possible isomerism at phosphorus (21, 50). Thus, axial 
and equatorial substituents at phosphorus give the thermo-
dynamically stable (a) and unstable (b) isomers, respectively 
(50), The unstable isomers are readily isomerized to 
the stable isomers in methanol solution over 10 to 20 
minutes and practically instantaneously in acidic solutions 
(e.g., benzene solution acidified with F^CCOOH) at room 
temperature. However, at -50°C in FSOgH, the unstable 
forms of the monocyclic phosphites isomerize to the 
stable forms only slowly (over one to two hours), and 
therefore, it is possible to observe the protonated 
species of both isomers in solutions of the unstable forms 
(Fig. 1). The higher values of of the stable forms 
in all cases is as expected according to the orbital 
repulsion hypothesis discussed in the Introduction. In 
general, the difference between the values of 
of the two isomers of a given monocyclic six-membered 
phosphite is the highest for those with the smallest 
(i.e., methoxy) exocyclic phosphorus substituent. Thus, 
11a and lib have a difference of 29 Hz whereas 17a and 17b 
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Figure la. P nmr spectrum of the protonated monocyclic phosphite 27a in 
FSO3H at -50"C(ljpH - 861 Hz). 
.3 ^ 
« ^^PCppm) 
4 
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Figure lb. P nmr spectrum of the protonated monocyclic phosphites 27a and 
27b In FSOgH at -50°C; before protonation the sample contained 
only 27b, which slowly Isomerlzed In the acid solution to 27a, 
hence, both forms of the protonated species are observed (the 
doublet due to protonated 27a Is labelled 'a'(^Jpy " 861 Hz) 
and the doublet due to protonated 27b is labelled 'b'(^Jpy » 
830 Hz 
b 
b 
H^PO^ 
o\ 
29.2 28.4 n 
I^^P(ppin) 
\J 
6,40 4.70 0.0 
• trfAK-
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have a difference of only 13 Hz. Values of for the 
unstable forms do not change much while in the stable 
forms the values show a decreasing trend with increasing 
size of the exocyclic group. The decrease in ^Jpu 
values with increasing substituent bulklness in the 
cases of the stable forms could be rationalized by the 
expected increase in the OPO angle arising from sterlc 
effects of the exocyclic phosphorus substituent (5). 
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Table 3 lists 6 P and J^p values of the protonated 
NIL^ complexes of the monocyclic and bicyclic phosphites. 
In general, there is no significant observable difference 
in these values as a function of ligand type or size of 
the exocyclic group among the complexes of the monocyclic 
phosphites. Among the complexes of the 4,6-disubstituted 
phosphorinanes with small exocyclic groups, ligand 
dissociation in the acidified benzene solutions is a fast 
process as shown by the fast isomerization of the complexes 
of the unstable ligand isomers 20b, 21b, 22b. and 23b, to 
those of the stable isomers. Thus, no complex of the 
unstable ligand isomers of these phosphites, could be 
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observed in the P nmr spectra. Since ligand dissociation 
from the complex has to occur before isomerization of the 
ligand can take place, ligand exchange must be a fast 
process in acidified solutions of these complexes. In 
contrast, the isomerization of the complexes of the 
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Table 3. 5 values of NIL^ complexes and 6 and ^Jpg values of the 
HNIL^ complexes in C?^CO^lC^^ 
6 NiL^ 6 ^^P HNIL"^ ^Jpg HNIL^"*" 
L (ppm) FjCCOO" (ppm) (Hz)(+3) 
piCS: 
I 
OR 
R - Me a) 151./ 133.0 33.3 
Et m 149.5 130.6 31.3 
i-Pr(4) 149.0 130.2 31.2 
sec-Bu(5) 148.0 129.6 30.6 
&-bornyl(2) 148.6 129.9 29.7 
1-menthy1(^) 142.3 127.6 30.0 
a- (methoxycarbonyl) benzyl (9^) 149.6 
tt-methoxycarbonyl)ben2yl(18a) 152.9 a 
^his complex is not protonated by F^CCOOH in at room 
temperature. 
a 
? 
OR 
R - Me(lla) 154.7 135.5 29.5 
Et(12a) 152.9 134.5 28.9 
i-Pr(13a) 151.9 133.5 30.5 
t-Bu(15a) 148.9 130.4 33.3 
t-bomyl(16a) 154.4 128.3 29.8 
t-menthyl(17a) 154.5 128.5 28.9 
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Table 3. (Continued) 
L 
S ^4 NIL^ 
(ppm) 
31 + 
6 P HNII^ 
F^CCOO (ppm) (Hz)(+3) 
R - Me (lib) 158.2 135.5^ __b 
Et(12b) 161.5 134.5^ _b 
1-Pr(13b) 160.4 133.5^ __b 
t-Bu(15b) 157.5 130.4^ 
__b 
A-bomyl (16b) 156.8 128.8 __b 
t-menthyl(17b) 155.9 128.5 __b 
a-(oethoxycarbonyl)benzyl 
(18b) 154.6 
^The chemical shifts of these are coincident with those of 
HNIL^^ of the stable Isomers and, because of the presence of both 
species, unresolved overlapping peaks are observed. 
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Table 3. (Continued) 
L 
« NIL^ 
(ppo) 
a HN1L+ 
P^CCOO" (ppm) (H*)(+3) 
1 
OR 
R - Me(20a) 154.4 135.5*^ 29.8 
Et(21a) 154,2 135.3^ 29.8 
i-Pr(23a) 153.3 134.9*^ 29.7 
t-Bu(24a) 153.0 135.0^ 29.8 
l-bomyl (26a) 152.6 128.4 30.3 
4-menthyl(27a) 152.8 128.3 31.2 
a-(methoxycarbonyl)benzyl 
(28a) 152.8 
a a 
"^These solutions were made in CHgClg and nmr spectra obtained 
at -50"C. At room temperature only broad unresolved peaks are observed. 
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Table 3. (Continued) 
6 S HNIL^ ^Jpg HNIL^* 
L (ppn) F^CCOO" (ppm) (Hz)(+3) 
R - Me(20b) 158.8 
Et(21b) 160.2 
1-Pr(22b) 159.5 
t-Bu(23b) 157.2 
A-bornyl(26b) 156.8 
i-menthyl(27b) 156.5 
o-(methoxycarbonyl)benzyl) 
(28b) 154.6 
^ot observed due to fast isomerization to the stable form. 
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Tabl# 3. (Conclnued) 
\ 
\ 
« NIL^ « HNILJ HNIL^"' 
(ppm) FjCCOO" (ppm) (Hz)(+3) 
MeO—P (âû) 169.6 141.5 32 
\o^ 
yOv^COOMe 
M«0—P T . (M) 176.5 
^O^COOMe 
(43) 126.3 117.7 40 
(44) 157.3 
F 
MeO-F? 1 
y y (47) 161.8 134.7 
®Only broad peak observed at -90''C. 
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unstable llgand Isomers with larger exocycllc phosphorus 
substltuents (such as Nl(26b)^ and Nl(27b)^) In acidified 
benzene solutions Is a slower process and both the stable 
and unstable forms of the coordinated llgands could be 
31 
observed In the P nmr spectra over a period of an hour 
after acidification (Figure 2). The Isomerization of the 
free unstable llgands In acidified benzene solutions Is 
fast In all cases, which shows that the rates of Isomerlza-
tlons of the coordinated llgands Is limited by the rates 
of llgand dissociation or llgand exchange. Figure 2 shows 
the spectrum of a solution In which both Isomers are 
observed coordinated to nickel. The peaks In Figure 2 are 
due to the coordinated stable Isomer 16a (6 154.7 ppm) and 
the coordinated unstable Isomer 16b (g 161.5 ppm) In the 
neutral Nl(16a)^(16b)^ complex (^Jpp " 13.5 Hz). 
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Because the P nmr chemical shifts of the two Isomers In 
HNl(16a)^(16b)^ are coincident (6 133-136 ppm) only 
undefined multiplets are observed. However, after a 
period of about an hour, only a doublet due to HNi(16a)^ 
and a singlet due to Ni(16a)are observed (Figure 2c), 
showing the slow isomerization of the coordinated unstable 
form to the stable form of the phosphite. Fast llgand 
exchange in acidified benzene solutions of NIL^ (L -
20a, 21a, 22a, 23a, 24a, and 25a) is also shown by the 
broad peaks due to HNIL^(6 133.5 ppm), obtained in the 
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Figure 2a. P nmr spectrum of a benzene solution of Ni (16b)acidified with 
5 equivalents of F^CCOOH at room temperature 30 min after acidifi­
cation (the peaks labelled 'a', 'b', and 'c' are due to 16b in 
Ni(l^)^(l^)^_^, in Ni(]^)^(]^)^_^ and HNi(16a)^(16b)^ 
respectively 
161.5 154.7 
Ln 
Ln 
109,80 ppm 
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Figure 2b. P nor spectrum of a benzene solution of 
Nl(16b)^ acidified with 5 equivalents of 
F^CCOOH at room temperature 1 hr after 
acidification (the peaks labelled 'b' and 'c' 
are, respectively, due to Ni(16a)and 
HNl(16a)/+) 
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Figure 2c. F nor spectrum of a banzene solution of 
Nl(16b) acidified with 5 equivalents of FgCCOOH 
at room temperature 2 hrs after acidification 
(the peaks are labelled as described for 
Figure 2b) 
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(2b) 
154.7 132.5 
« 31p(ppm) 
(2c) 
b 
VL 
154.7 
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31 + 
P nmr spectra. Resolved doublets for in these 
cases, are only obtained at -50*C in CH2CI2. This behavior 
is unlike HNiL^ complexes of the other phosphites (1-8, and 
lla-17a) which show resolved doublets at room temperature 
showing the slower rate of ligand exchange, on the nmr 
time scale, in acidified solutions of the complexes of 
the latter phosphites. 
In Table 4 are spectroscopic data which reflect the 
electronic properties of the 5,5-dimethyIphosphorinane 
ring system and the stable and unstable forms of the 
4,6-dimethylphosphorinane ring system as ligands in some 
Ni(0) and W(0) complexes. Carbonyl stretching frequencies 
in NiCCO)]! complexes have been used to rank phosphorus 
ligands in an electronic series reflecting the ability of 
the ligand to increase the electron density on the metal 
center as reflected by the decrease in vCO (51). According 
to Angelici and Malone (44) , there is a correlation between 
pKa or basicity of ligands and vCO of the substituted carbonyl 
complexes. It is seen from the data in Table 4 that the 
5.5-dimethyIphosphorinane system is less basic than the 
4.6-dimethylphosphorinane system. The unstable isomer in 
the latter system, according to this measurement, is 
more basic than the stable form. The greater basicity 
of the stable isomer, as discussed in the Introduction 
section, is due to the greater orbital repulsion which 
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Table 4. v^,q and values in Ni(0) and W(0) carbonyl 
complexes of some cyclic phosphites 
Complex Measurement* 1 20a 20b 43b 
NiCCO)]! 
_ic 
VcQCtn 2076 2010 
1960 
2072 
2040 
2010 
2068 
2040 
2006 
2082 
2060 
Ni(CO)2L2 
_ic 
VcQcm 2038 2005 
2032 
2000 
2016 
1970 
2048 
1994 
Ni(C0)L3 -1^ 
"CO":™ . 
-1^ 
VcQcm 
1965 1960 1952 1997 
WCCO)^! 2072 
1965 
1952 
2064 
1986 
1952 
2060 
1970 
1945 
2085 
1990 
1958 
6^^P,ppm® 130.3 131.6 132.4 130.8 
('j„. Hz (393) (390) (388) (398) 
^Uncertainty in cm"^; 6 ^^P,+0.2 ppm; and 
^Reference 52. 
^In CHCL3. 
•^In CjHj. 
®In CH3COCH3. 
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raises the energy of the phosphorus lone pair (53). The 
Increase in the carbonyl frequencies from the complexes 
of the monocyclic to those of the bicyclic phosphites is 
indicative of the decreasing basicity with increasing 
molecular constraint of phosphites. 
In forming borane adducts, a more basic phosphite 
3 2 induces greater sp character in the sp hybrid B-H bonds 
of BHg. This effect lowers the B-H stretching frequency 
(54). The Vgjj values in Table 5 suggest a decreasing basicity 
in the order 20b > 20a > P(0Me)2 >1, > ^ > Consistent 
with this idea is the observation that ^Jpg^ Is higher (Table 
6) for the bicyclic phosphites ^  and which is explained 
by the hinge effect discussed in the Introduction. The 
decreased basicity is also expected as cited in the 
literature (54) since the hinge effect decreases the electron 
density on phosphorus. 
The higher vp^Q values of the bicyclic phosphates 
compared to those of the monocyclic phosphates shows the 
greater P=0 bond strength indicative of an increased 
iT-bonding ability with greater constraint of phosphites. 
This is in agreement with LCAO-MO calculations which show 
an increase in the F-0 n-bond order with a decrease in 
negative charge on phosphorus of bicyclic phosphites (55). 
Values of ^Jggp in selenide derivatives of phosphites, 
like values, have been shown to increase both with 
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Table 5. vp_Q, 6 P and Jgp of borane adducts, 
and oxides of some cyclic phosphites 
Borane Adducts' Oxides a 
5 ^^P(ppm) Ijgp (Hz) VgjjCcm"^) 6 ^ ^P(ppm) Vp_j(cin(-1)) 
P(0Me)3 
20a 
20b 
1 
44 
117.1' 
109.8 
110.6 
109.4 
127.4* 
97.7 
127.9 
103.6° 2402, -7.0^ 1290 
2362* 1271 
103.2 2411 -7.1^ 1304 
2356 1290 
108.5 2393 -5.0^ 1289 
2350 1271 
93.3 2404 -7.0= 1270^ 
2350 
94.0® 2412 , 
2354® -7.8= 1303' 
92.0 2420 
2402 -7.9= 1327 
69.3 2412 -12.8= 1327 
2350 
'"In CCI4. 
^Reference 12. 
=Reference 56, 
^Reference 53, 
^Reference 6. 
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Table 6. 6 P and coupling constants in Pt(II), Cu(I) 
complexes and selenides o f  some cyclic phosphites 
L PtClgL a 2 CUL4+ SeL* 
Jptp « P 
Ij c 
^CuP 6 ^^P 
Ij 
JgeP 
(+0.2 ppm) (+1 Hz) (+2 ppm) (+6 Hz) (+0.2 ppm) (+1 Hz) 
1 67.9 5766 118 .7 1270 66.4 991^ 
20a 68.2 5760 121 .1 1260 66.8 990 
20b 64.5 5735 123 .9 1227 66.8 949 
Ù1 66.4 1030^ 
79.0 1051 
81.4 1099^ 
PCOMe)] 78.0 954^ 
^In CgHg. 
^In CHCI3. 
^The peaks due to phosphorus coupling to ^^Cu(I = 3/2) 
and ^^Cu(I = 3/2) were not resolved since only four broad 
peaks were observed. The average coupling constants were 
taken from the maximum of each peak. 
^Reference 57. 
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increasing a character of the P-Se bond and increasing 
nuclear charge on phosphorus (58). The order 1 > 20a 
> 20b in values (Table 6) parallels the increasing 
basicity order 1^ < 20a < 20b shown by values in Ni(CO)gL 
complexes (Table 4). The orders in and values 
among these phosphites parallel the order in ^Jggp values 
(Table 6) and also that of ^Jyp (Table 4). The trend 
in coupling constants 1 > 20a > 20b in both the PtCl2L2 
and CuL^"*" complexes possibly arises from differences in s 
character of the metal phosphorus bonds (59) and negative 
charge on phosphorus as influenced by the inductive effect 
of the methyl groups and orbital repulsion effects. 
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In the P nmr spectrum of a solution of Ni(l)^ in 
benzene acidified with F^CCOOH at room temperature, a 
multiplet of peaks (6 133.5 ppm) was observed. At least four 
peaks which resemble two doublets (with spacings of 33 Hz) 
could be distinguished. After one hour only a single doublet 
2 (6 133.1 ppm, Jpy = 33.3 Hz) remains. Under nitrogen this 
doublet persists for several hours (Figure 3). The same 
31 phenomenon is observed in the P nmr spectrum of Ni(lla)^. 
The origin of the appearance of these multiplets may be 
attributable to geometric rearrangement in the coordination 
around Ni. On addition of a proton to NiL^, a five-coordinate 
trigonal bipyramidal complex may be formed containing two 
types of phosphorus atoms (axial and equatorial) which give 
31 
Figure 3. P nmr spectra of a CH2CI2 solution of Ni(l)^ 
acidified with 5 equivalents of FgCCOOH at room 
temperature : 
a. 30 min after addition of acid' 
b, 1 hr and 30 min after addition of acid 
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(a) 
L (b) 
164.5 154.0 133.5 
Figure 3a 
164.65 154.0 133. 
Figure 3b 
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rise to an 111-deflned multiplet in the P nmr spectrum. The 
formation of such a coordination geometry may be kinetically 
favored. However, a thermodynamically more stable coordina­
tion with four equivalent phosphorus llgands is formed, 
later in a rearrangement process. This could account for the 
doublet arising from P-H coupling. The latter complex could 
contain either a tetrahedrally arranged set of phosphorus 
atoms with fluxlonality of the proton among the four faces of 
the tetrahedron (60) or it may involve a square pyramidal 
array of four equivalent phosphorus llgands forming the 
base with the proton at the apex. These observations 
suggest that, along with the ligand exchange processes 
that is characteristic of protonated NiL^ complexes, as 
discussed earlier, there are some slow changes in the 
geometry of the coordination around Ni. On neutralizing 
the added acid with NEt^, the spectrum of the neutral 
complex of the stable form of the phosphite is obtained, 
31 indicating that the changes observed In the P nmr 
spectra are not due to chemical changes of the llgands 
themselves on acidification. 
On acidifying benzene solutions of NIL^ (L = 1-8, 
and lla-17a) with 15 or more equivalents of F^CCOOH at 
room temperature, deep violet solutions are observed 
which persist for two to three hours before turning 
yellow. The yellow solutions, on standing overnight, 
67 
also turn violet. At least two such cycles have been 
observed over two days before the yellow color was 
retained permanently for several days. In CH2CI2 the 
violet solutions show broad peaks In their UV-vlslble 
spectra with nm. The yellow solutions also show 
broad peaks with 315 nm In CH2CI2. Both the violet 
31 
and yellow solutions show Identical P nmr spectra. 
The origin of the color changes Is not known at this 
point. 
When benzene solutions of the NIL^ complexes of the 
slx-membered monocyclic phosphites are acidified with 
5 equivalents of F^CCOOH In the presence of four equivalents 
of PCOMe)^ at room temperature, llgand displacement by 
PCOMe)^ Is observed. In such solutions both protonated and 
unprotonated metal complex species are observed In the 
31 
P nmr spectra. Complexes of the type N1L^(P(OMe)3)4.% 
are observed as two sets of multiplets (6 163.6 ppm for 
coordinated PCOMe)^ and 150-154.0 ppm for coordinated L) 
showing that llgand exchange with PCOMe)^ has occurred. 
In the protonated HNiL^XPCOMe)])^^^ type complexes, the 
31 
P chemical shifts for L and PCOMe)^ are coincident and 
only one broad undefined multiplet is observed for these 
species. 
In contrast to the NIL^ complexes of the slx-membered 
monocyclic phosphites which are readily protonated by 
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FgCCOOH In benzene, the complexes of the bicyclic phosphites 
are protonated to very small extents, Thus, the yellow color 
characteristics of HNiL^ species is only faintly observed. 
In the case of Ni(^)^ only the neutral NiL^ complex (6 157.3 
31 ppm) and no protonated species are observed in the P nmr 
spectrum of a 1.0 M solution of Ni(^) acidified with 10 
equivalents of FgCCOOH at room temperature. Under the same 
conditions, Ni(^)^ shows a small doublet for HNi(43)^^ (5 
117.7 ppm ^Jpjj • 40 Hz) and a large singlet for Ni(^)^ (6 
126.3 ppm). The NiL^ complex of the five-membered ring 
phosphite;^ also shows the same behavior as Ni (43) while 
the complexes of the six-membered monocyclic phosphites are 
totally protonated. 
In benzene or cyclohexane at room temperature, none of 
the NiL^ complexes studied here show any observable ligand 
exchange with PCOMe)^ over a period of days, except the 
complexes of 22, and ^  which show about 10% ligand 
displacement by P(OMe)^ over 3 to 4 days at room temperature. 
However, the complexes of all the phosphites studied here show 
30-40% displaced ligand when the toluene solutions are heated 
to 60° over 8 to 10 hours in the presence of four equivalents 
31 
of PCOMe)^. The P nmr spectra show coordinated PCOMe)^ 
(6 163.5 ppm) and dissociated L (6 150-154 ppm). 
The complex Ni(^)^, unlike the other Ni(0) complexes 
of the phosphites studied here, dissolves in water readily 
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& 
to form a colorless solution that is stable for days with 
31 1 
no change in color or in the P and H nmr spectra. Moreover, 
13c ^ 31p Ijj spectra of the complex in H2O and in 
D2O show no change from spectra in deuterated organic 
solvents. The ir spectrum of a 1:4 molar ratio of Hi(44)^/ 
H2O mixture dissolved in CH^CN showed a broad peak in the 
OH stretching frequency region identical to that for a 
H^O/CHgCN mixture. The lack of any change in these spectra 
suggests that water does not react with Ni(44)when dissolv­
ing it. It is conceivable that hydrogen bonding with water 
through the ester oxygens of the bicyclic phosphite solu-
bilizes the complex. However, it is not obvious why such an 
interaction should be particularly advantageous in this phos­
phite. The hydrolysis reaction of the free ligand ^ is known 
to occur by the opening of the five-membered ring (31) forming 
53. The coordinated ligand, however, does not seem to 
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•undergo ring opening in Che presence of water. Some hydrated 
divalent metal ions (e.g., Zn"*"^, Fe^^) are known (61) to 
form complexes of the type M(L.H20)^X2 (% - monovalent 
anion) in which L-H2Q (L - the bicyclic phosphite 54) 
was suggested to be an "enol" form of 55. 
h^Q 
^0 ^ OR CH2OH 
44 53 
54 
\ r —' HO"  
55 
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In this part of this work, it is shown that the 
ligand properties of cyclic phosphites in general are 
different from those of acyclic phosphites. In the 
following sections it will be shown that the ligand 
properties of phosphite esters strongly influence the 
catalytic efficiency of the metal complexes. 
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CATALYTIC ISOMERIZATION OF 3-BUTENENITRILE 
Introduction 
The flexibility of their bonding modes and the 
variability of their oxidation states allow transition 
metals and their complexes to function as catalysts in 
many organic reactions. These properties arise from the 
presence of partially filled (n-l)d orbitals with energies 
similar to the ns and np orbitals which form part of the 
valence shell. The partially filled d orbitals can be 
used in coordinating neutral donor molecules such as olefins, 
diolefins and CO, a step which is central to the process 
of catalysis. Depending upon the number and type of 
ligands coordinating to the metal, all or only some of 
the d orbitals may be used in coordination. The ability 
of the d orbitals to accommodate variable numbers of 
electrons gives rise to corresponding oxidation states 
of the metal, each oxidation state frequently favoring 
a different coordination number. Several such changes in 
oxidation states and coordination numbers of a given 
transition metal are often observed in the course of one 
catalytic cycle (62). 
Transition metals can coordinate both n electron donor 
ligands such as olefins and sigma donor ligands such as 
CO, phosphines, phosphites and other group VA and VIA 
compounds. In such complexes back donation of electrons 
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from the metal into suitable ligand orbitals can take place. 
Covalent sigma bonds with H, alkyIs and aryls are often formed 
by transition metals. In fact, the mechanisms of many organic 
reactions catalyzed by transition metal complexes involve both 
sigma and pi bonded intermediates (62). 
The mode of bonding of olefins to transition metals has 
been described by the Dewar-Chatt-Duncanson model (63, 64) as 
a double bond in which electron density is sigma-donated from 
the olefin to the metal and pi-back-donated from the metal 
into the n antibonding orbitals of the olefin. Both interac­
tions tend to weaken the carbon-carbon double bond in the 
olefin as shown by the longer carbon-carbon bond lengths in 
the X-ray crystal structures in complexed olefins compared to 
free olefins. This is particularly marked in olefins which 
possess electron-withdrawing groups adjacent to the double 
bond (Table 7). In these cases X-ray structural data show 
that the olefin loses planarity (64), suggesting a shift to 
3 
sp hybridization at the carbons and thus, metal-carbon 
bond formation. 
An increase in bond length constitutes a weakening, and 
hence an activation of the double bond for reaction with 
a suitable reactant which may be present in the coordination 
sphere of the metal. Most often this step is the inser­
tion of the olefin between the metal and a ligand 
sigma-bonded to the metal, such as H, alkyl, or 
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Table 7. Changes In C«C bond lengths on coordination of olefins 
C-C C-C 
distance distance 
Olefin (X) Metal Complex (%) Ref 
H2C.CH2 1.337 Ni(H2C-CH2)(PPh3)2 1.43 63, 65 
NCHC-CHCN 1.34 IR(H)(CO)(PPhj)2' 1.43 65 
(NCHC-CHCN) 
(NC)2C=C(CN)2 1.34 Pt(PPh3)2((CN)2C-C(CN)2) 1.49 64 
en and constitutes the initial step in many catalytic 
transformations of olefins. 
The catalytic isomerization of olefins (both double 
bond migration and cis-trans isomerization) is a common 
side reaction accompanying many other catalytic reactions 
of olefins. Thus, isomerization may precede or follow 
other catalytic transformations of olefins as a desirable 
or an undesirable step. For instance, although 1-butene 
is the primary product of the dimerization of ethylene by 
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Rh (66), a mixture of 1- and 2-butenes is actually 
obtained as a result of the Rh-catalyzed isomerization of 
1-butene to cis- and trans-2-butenes following dimerization. 
In the synthesis of adiponitrile from butadiene and HCN 
using Ni(0) aryl phosphite complex catalysts, both skeletal 
isomerization Involving carbon-carbon bond cleavage and 
double bond migrations occur (67). The compound HCo(CO)^ 
simultaneously catalyzes the double bond migration and 
hydroformylatlon of 2-pentenes. In this reaction the 
internal olefin 2-pentene is isomerized to 1-pentene and is 
then hydroformylated to yield the terminal aldehyde (68). 
Mechanism of catalytic olefin isomerization 
Two mechanistically different pathways to double 
bond migration are supported by experiment. One Involves 
a-alkyl-metal and the other n-allyl-metal intermediates. 
A fundamental difference between the two mechanisms is 
that the former produces a 1,2-hydrogen shift while the 
latter results in a 1,3-hydrogen shift. The mechanism 
of double bond migration with a-alkyl-metal Intermediates 
requires a metal hydride catalyst (Equation 1). The pi-
coordinated olefin inserts into the metal-hydrogen bond, 
and 6-hydrogen transfer from an adjacent carbon atom to 
the metal gives the isomerized product. 
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L^M-H + HgC-CHCHgR L^M-CH(CHg)CH2R 
^ ( 
L M-H + CH,CH-CHR 
n J 
Isomerlzatlon of a terminal olefin to an Internal olefin 
by the 0-alkyl-metal Intermediate mechanism Implies a 
Markownlkoff mode of addition of the L^M-H bond across 
the double bond of the terminal olefin. The antl-
Markovmlkoff mode would regenerate the starting material 
after 8-hydrogen transfer. 
Evidence for the alkyl-metal Intermediate has been 
obtained using a PdCl2 + HCl catalyst system (69). Tritium 
labelled 1-octene was Isomerlzed In the presence of un-
labelled l-hexene. Nearly 50% of the tritium was found 
in the product 2-hexene showing the transfer of a proton 
from the octene to the metal and from the metal to the 
hexenes. Such transfer requires a slgma-bonded alkyl-
metal intermediate. 
Although Markownlkoff insertion of the olefin is 
required for effective isomerlzatlon of a-olefins, anti-
Markownikoff addition is also expected to occur. Cramer 
(67) observed that in the isomerlzatlon of 1-butene with 
an Rh(I) complex catalyst and DCl the unisomerized 1-butene 
was deuterated as well as the isomerlzatlon products 
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(2-butenes), indicating an antl-Markownlkoff mode of 
addition across the olefin double bond. 
The mechanism of double bond migration In olefins 
Involving the metal hydride addition-elimination pathway 
has been shown for many metal-hydride catalysts Including 
HNl(P(OEt)g)^''' (70), HRh(CO)(PPh3)3 (?!) and HCoCNj) (PPh3)3 
(72). In other cases such as Co2(C0)g/H2 (73), 
((C2H^)2RhCl)2/HCl (74), Nl(Ph2PCH2CH2PPh2)2/acld 
(acid - F3CCOOH, HCN, H2SO4, or CI3CCOOH) (75), and 
PtCl2(PPh3)2-SnCl2/H2 systems (76) metal hydrides are 
shown to be the catalytlcally active Intermediates. 
An alternative mechanism of catalytic double bond 
migration Involving the pl-allyl metal Intermediate, 
applies to many transition metal complexes which catalyze 
double bond migration under conditions where the only 
source of hydrogen for metal hydride formation Is the 
olefin Itself (Eq, 2). In such cases, the Isomerlzatlon 
occurs through a 1,3-hydrogen shift. Bonneman (77) has 
shown by nmr spectroscopy that the nickel complex 
(C3Hg)Nl(H)(PF3) showed resonances expected for an allyl 
group below -50*C while on warming to -40*C during several 
hours three new signals appeared which were attributed to 
coordinatively pi-bonded propylene. This observation 
demonstrated that the process of conversion of a pi to a 
pl-allyl type coordination is reversible (Equation 3). In 
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CHR 
RCH-CHCHjR' + ML_ ^ L M II (2) 
^ ŒCH2R' 
/ 
RCHgCH-CHR + LjjM ^ 
^ CHR 
^ CHR' 
CHR' 
CHgR 
y 
h 
the isomerization of deuterated S-ethyl-l-pentene-S-d^ 
with Fe2(CO)j^2» has been shown by Casey and Cyr (78) 
that only intramolecular 1,3-hydrogen shifts take place. 
No crossover products were detected from the isomerization 
of a mixture of 3-ethyl-l-pentene-3-d^ and 3-methyl-1-butene, 
The formation of a transition metal hydride by 
protonation can have a dramatic effect on the coordination 
of the other ligands. This effect is clearly brought out 
by the observation that protonation of transition metal 
carbonyl complexes causes an increase in the CO stretching 
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frequencies of about 150 cm~^ as a result of the weakening 
of the M-C pi bond and consequent strengthening of the 
C"0 bond. Examples of such effects are shown In Table 8. 
Table 8. Comparison of CO stretching frequencies In some 
carbonyl complexes and their hydrides 
CO stretch. CO stretch, 
frequency frequency 
Carbonyl (cm'^) Hydride (cm"^) 
Co(C0)4 1886 (79) HCo(CO)^ 2066,2049 (80) 
Mn(CO): 1898, 1863 HMn(CO), 2036,2029 
^ ^ 2016,1995 (81) 
Fe(CO)3(PPh3)2 1883 HFe(C0)g(PPh3)2 2028 (82) 
The rate of exchange of CO is also increased on protonation. 
Thus, a large increase in the rate of CO exchange was 
observed in the protonated carbonyl HFe(CO)g as compared 
to Fe(CO)g (83). Tolman has shown (84) using spectophoto-
metric methods, that in Ni(P(0Et)3)^, protonation labilizes 
the phosphite llgand, and also raises the rate constant 
for the dissociation of the ligand from 4.9 x 10"^ sec"^ 
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(in benzene at 36°C) in the neutral complex to 1.5 x 10' . 
sec'^ in the protonated conq)lex. 
Tolman (85) has studied extensively the kinetics 
and mechanism of the isomerization of 1-butene by NIL^ 
(L • P(0Et)g)4 in methanol acidified with H2S0^. In the 
absence of an acid, Ni(P(0Et)2)^ showed no catalytic 
olefin isomerization. The equilibrium (Eq. 4) for the 
protonation of the complex by strong acids such as F^CCOOH 
and H^SO^ in methanol is established very rapidly and the 
equilibrium constant for the protonation by F^CCOOH is 
0.3 (86) as shown from the characteristic absorption of 
HNiL^ at 325 nm. 
Ni(P(0Et)3)^ + F3CCOOH - HNiCPOOEt)])^ F3CCOOH" 
Since protonation is rapidly established, the 
observed induction time in catalytic isomerization is 
attributed to a slower step of ligand dissociation. The 
increase in induction times and decrease in the rate of 
catalytic isomerization in the presence of added excess 
ligand also support the view that ligand dissociation to 
form species such as HNiL^^ or HNiL2^ is a necessary 
first step in catalysis. However, such species have not 
been observed spectroscopically. The species observable 
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in such catalytic systems are NiL^, HNiL^"*", and some Ni(II) 
complexes. The presence of Ni(II) species is consistent 
with the observed formation of H2 and traces of alkanes, 
and also by the fact that the catalytic activity decays 
with time. 
From kinetic studies of the formation of the stable 
product (n^-C^HyXNlLg^ by the reaction of HNiL^ (L • 
P^OEt)]) with 1,3-butadiene, Tolman (87) has shown that 
the mechanism involves an initial ligand dissociation as 
the rate determining step. Rix and Verkade (88) have 
shown that with NiL^/strong acid systems (L = phosphites 
1,^ and P(0Et)3; strong acid = or F3CCOOH) , the 
catalytic activity for the isomerization of 1-butene 
decreased in the order L = F^OEt)^ > ^ > an order 
which parallels the known decreasing trend in ligand 
basicity (89) and hence also decreasing basicity of the NiL^ 
conolex (72). This trend predicts a decreasing value for 
the equilibrium constant for the formation of the protonated 
complexes, from L = POOEt)^ to 1 to Also, a longer 
induction period was observed for Ni(^)^ which was 
attributed to a decreased tendency toward ligand dissocia­
tion in HNi(^)^ compared to the protonated complexes of 
the other two phosphites. The reason for this is probably 
a stronger pi bonding between the metal and phosphorus 
with increased constraint of the phosphite. This is 
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supported by the higher metal-phosphorus stretching frequency 
observed for the metal complexes of ^  and ^  compared to 
those of 1 (90). Vande Griend and Verkade (91) 
have shown that the P"0 stretching frequencies of the 
phosphates increase with increased constraint of the 
molecule, indicating the greater tendency of constrained 
phosphite esters to form stronger pi bonds compared to the 
less constrained or open chain phosphite esters. Low 
oxidation state metals with filled or almost filled d 
orbitals such as Ni(0) are good pi donors, and hence the 
pi component of bonding between such metals and pi bonding 
lignads is important. 
, A sequence of four steps which generate the catalytic 
species for olefin isomerization and eventually lead to 
its decay has been postulated by Tolman (92). 
+ NiL^ HNiL^ + X (5) 
HNiL^ HNiLg + L (6 )  
HNiLg"'" + H"*" «2 + Ni(II) + 3L (7) 
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P(0R)3 + hV H(0)P(0R) 2  +  RX (8) 
The fast equilibrium (Eq. 5) is demonstrated to be a 
reversible one by spectrometric experiments in which 
addition of NaOMe or n-butylamine to the yellow methanolic 
solution of HNi(P(OEt)g)^ decolorized the solution and 
restored the original uv spectrum of NiCPCOEt)^)^. 
Addition of acid regenerated the hydride and the cycle 
repeated several times with instantaneous color changes 
and with little loss of the complex due to decomposition 
as shown by spectrophotometric measurements. Equilibrium 
(6) is the slowest step as shown by the rate of the forma­
tion of (n^-C^Hy)NiL3 from HNi(P(OEt)g)^ and 1,3-butadiene. 
Equilibrium (7) leads to the oxidation of Ni(0) and the 
decay of the catalyst with the formation of H2, alkanes 
and Ni(II) complexes. The equilibrium (8) Is the dealkyla-
tion of the dissociated phosphite ligand by the add and 
is expected to shift the equilibrium (5) to the right. 
A mechanism to account for these observations has been put 
forward by Tolman (92) (Scheme I). 
Olefin isomerlzation by Ni(I) complexes of the type 
(PhgPigNlX has been investigated by D'Anniello andBarefield 
(93) and by Vitulli et al. (94). The mechanism was found 
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NiL 
HNiL 
t-2-B -L 
1-B 
HNiL 
C-2-B 
HNiLT(c-2-B) CH. \ I 3 . 
CHoCHoCH-NiL, CHLCH.CH-CH.NiL 
2+ 
CH-CHoCHoCHoHNiL 4"10 
4"10 
2+ 3L Ni 
Scheme I: Mechanism of isomerization of olefins by NiL^/ 
strong acid systems (1-B = 1-butene,c-2-B • 
cis-2-butene and t-2-B = trans-2-butene). 
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to involve a metal hydride intermediate formed as a 
product of an unusual reaction in which the o-C-H bond of 
the olefin is oxidatively added to two Ni(I) metal centers 
(Eq. 9). The appearance of a high field unresolved proton 
resonance (T 39,4 ppm) showed the presence of such a 
hydride intermediate in the catalytic system. These Ni(I) 
complexes isomerized 1-butene at a rate ten times greater 
than NiCPPhg)^. Addition of SnCl2 to (Ph2P)3NiCl formed 
(Ph^P)^NiSnCl^ which isomerized 1-butene to 2-butenes 
in benzene 15 times as fast as the starting chloro complex. 
In all cases, added free ligand depressed the rate, thus 
supporting the ligand dissociation mechanism. The products 
of isomerization of olefins by these catalysts showed 
intermolecular deuterium exchange, consistent with the 
action of a metal hydride as the catalytically active 
species (93). 
Nickel hydrides are known to form stable n^-allyl 
complexes with 1,3-dienes (70 94), and nickel hydride catalyst 
systems are poisoned by dienes. The observation that 
Ni(PPhg)2Cl also is poisoned by the presence of dienes in 
its catalysis of the isomerization of 1-butene also 
supports the view that a metal hydride intermediate is 
2Ni(I) + Ni(II)-H + 
R 
(9) 
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involved. The kinetics of catalysis by these complexes 
showed zero order dependence on the concentration of the 
olefin and second order dependence on the concentration of 
Ni(FFh2)3Cl. Two plausible mechanisms have been presented 
(93) for the formation of the intermediate catalytic species 
(Eq. 11 and 12). 
(Ph3P)3NiX ; 
2(Ph3P)2NiX 
(Ph3P)2NiX + PPh3 
(Ph3P)2N^ ^ Ni(Ph3)P)2 
(10) 
HNi(Ph3P)3X + A'—Ni(Ph3P)X (11) 
(Ph3P)2NiX - ^ ^ Ni(Ph3P)2NiX 
^(Ph3P)2NiX 
HNi(Ph3P)3X + //^Ni(Ph3P)X (12) 
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As noted earlier, the effect of protonation of NiL^ 
(L - PRg.PCOR)^) complexes to form HNIL^ in strong acids 
is to labilize a phosphorus ligand, thus enhancing 
ligand dissociation and consequently olefin isomerlzation. 
The nickel complexes in such systems behave as bases by 
accepting a proton. The basic nature of Ni(0) complexes 
has also been shown in their tendency to form adducts 
with various Lewis acids. Thus, Bogdanovic et al. (95) 
have made a stable complex of the formula L2Ni-A1(CH^)3 
(L • PPhg). Other isolable complexes included 1:1 adducts 
of bisphosphines and Lewis acids such as 56 and 57. 
(n = 2,3; R = c-C^H^^) (96). The Lewis acid BPhg was 
shown Co displace cyclododecatriene ligand 
from Ni(0) and the boron moiety could then be displaced 
by Lewis bases including phosphites (P(0R)2 R = 2-biphenyl), 
NHg and ethylene (97). 
Although the association of Lewis acids with basic 
metal complexes are reported (98) in the literature and 
made use of in the catalytic hydrocyanation of olefins (99), 
where BPh-j has been used as cocatalyst with Ni[P(0Ar)2]^ 
NiAl(CHo) NiBPh 
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complexes, Lewis acids have not been employed extensively 
In catalytic Isomerlzatlons as an alternative to strong 
acids. The only case of the latter reported In the 
literature (78) Is the use of Cl2AlEt with NlCPPh^)^. 
The mechanism by which BPh^ cocatalyzes hydrocyanatlon 
is not understood. Since it is now well-established that 
llgand dissociation is a prerequisite to isomerlzatlon 
catalysis by NIL^ complexes and that protonation facilitates 
this process, it may well be that the association of Lewis 
acids with NIL^ facilitates llgand dissociation. The 
mechanism for isomerlzatlon must, however, be different for 
the two systems. Since no hydride Intermediate forms in 
the Lewis acid-NlL^ complex, isomerlzatlon probably must 
proceed through thç pi allyl intermediate mechanism. 
Experimental 
Materials 
Benzene and cyclohexane were refluxed over and distilled 
from Na-K alloy-, THF and CK2CI2 were refluxed and 
distilled from P^O^g. All solvents were flushed with Ng 
and stored over 4A molecular sieves under N2. Aluminum 
chloride was sublimed and kept under Ng. Zinc chloride 
TiClg, AgCl and HgCl2 were used as received. Tri-
fluoroacetic and trichloroacetic acid were used as 
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received but was handled under Ng. The NIL^ complexes used 
were prepared as described in the Experimental to Part I. 
Techniques 
The catalytic isomerization reactions using NiL^/ 
protic acid systems were run in a 25 ml round-bottom 
flask equipped with a magnetic stirring bar and thoroughly 
flushed with N2. The NiL^ complex (0.20 mmole) was 
weighed into the flask and the flask was fitted with a 
two-holed Teflon plug through which two needles were 
snuggly fitted. The needles were stoppered with Teflon 
plugs. One of these needles reached to the bottom of the 
flask and was used to introduce or withdraw samples via a 
syringe. The tip of the other needle was kept above the 
surface of the solution and was used to admit argon to 
the flask while withdrawing samples. Benzene (10.0 ml) 
was added into the flask with a syringe through one of the 
needles. The flask was clamped in a constant temperature 
bath at 25+0.2"C and stirred for 30 min to reach equilibrium 
temperature. The olefin, 3-butenenitrile (1.66 g, 24.8 
mmole) was then added. A predetermined volume of a 1.0 
molar solution of FgCCOOH in the solvent (CHgClg, THF, 
benzene or cyclohexane) was added via one of the needles 
and timing started immediately. 
The catalytic isomerizations using NiL^/Lewis acid 
systems were run in a 25 ml round-bottom flask equipped 
90 
with a magnetic stirring bar and thoroughly flushed with 
N2. In the flask were added 0.20 mmole of the NiL^ 
complex and an equivalent amount of the Lewis acid. The 
flask was then closed with a Teflon plug and clamped in 
a constant temperature bath at 25*C (+p.2°C). Benzene 
(10.0 ml) was added and the contents were stirred for 30 
min. The olefin, 3-butenenitrile (1.66 g, 24.8 mmole) 
was added via a syringe and the timing started. 
Samples were taken at regular intervals (10 to 15 min) 
for ir spectroscopy and gc analysis via a syringe through 
a needle fitted in the Teflon plug. Infrared spectra were 
recorded on a Beckman IR-18 grating spectrometer and gc 
was done on a Varian 1700 gas chromatograph using a 14 ft 
by 1/4 in copper column filled with 10% di-isodecylphthalate 
on Chromosorb W at 100°C. 
The disappearance of 3-butenenitrile and the formation 
of 2-butenenitrile was followed in the ir spectra by the 
decrease in the intensity of the nitrile stretching peak 
at 2240 cm'^ and the increase in the intensity of a new 
nitrile stretching peak at 2220 cm~^ (a typical ir 
spectrum of a catalytic reaction mixture is shown in 
Figure 4). A calibration graph of the intensities of the 
peak at 2240 cm~^ versus the concentration of 3-butenenitrile 
was used to follow the rate of decrease in the concentration 
of 3-butenenitrile. Also the C=C stretch due to 
Figure 4. IR spectra, in the regions of C-N and C-C 
stretching frequencies, of the reaction mixture 
during the catalytic isomerization of 3-butene-
nitrile by Ni (lia) /FgCCOOH in benzene at 25 "C. 
(The peaks are labelled as follows : a. CN stretch 
due to 3-butenenitrile; b. CN stretch due to 
2-butenenitriles; c. C-C stretch due to 3-
butenenitrile; d. C-C stretch due to trans-
2-butenenitrile; e. C-C stretch due to cis-
2-butenenitrile) 
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93 
3-butenenitrile at 1650 CTn~^ was seen to form a shoulder peak 
at about 1640 cm'^. At the end of isomerization, the totally 
isomerized product showed a single peak at 2220 cm"^. It also 
showed two partially resolved peaks in the C-C stretching 
region at 1650 cm"^ for the cis- and trans-2-butenenitriles. 
Peak areas in the gc analysis were used to determine the 
cis:trans ratios in the product. 
Results and Discussion 
The catalytic activities of several NiL^/protic or 
Lewis acid homogeneous catalyst systems (with protic 
acids including H^CCOOH, Cl^CCOOH and F^CCOOH and Lewis 
acids including AlClg, ZnCl2, TiClg, HgCl2 and AgNOg) 
in the double bond isomerization of 3-butenenitrile in 
solvents including CH^Clg, THF, benzene and cyclohexane 
have been investigated. The catalytic efficiency of both 
the NiL^/protic acid and the NiL^/Lewis acid systems is 
markedly dependent on 
a) the polarity of the solvent medium 
b) the strength of the acid 
c) the acid to complex ratio 
d) the basicity of the phosphite 
e) the configuration at phosphorus in monocyclic 
phosphites 
f) the bulk of substituents on the phosphorinane 
rings 
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g) the presence of added excess ligand 
h) the effect of substitution of oxygen in the 
phosphorinane ring by carbon 
Effect of solvent 
Solvent polarity has an important influence on these 
catalysts. In the NiL^/protic acid systems, in all cases 
catalysis went far faster in the more polar solvent 
CH2CI2 than in cyclohexane (Table 9). This is as expected 
since dissociation of the acids and hence protonation 
of the NiL^ complexes is more favored in polar solvents. 
The protonated nickel complexes HNiL^, HNiL^ and 
HNiL^Colefin)"'" formed are also better stabilized in polar 
solvents. 
Effect of strength of the acid 
As shown in Table 10, the rate of catalysis increases 
with increasing strength of the acid. Thus, a higher 
rate of catalysis is shown by FgCCOOH than by ClgCCOOH 
while HgCCOOH fails to show any catalysis. This is 
reasonable since the equilibrium constant for the 
protonation of the complex is expected to rise with the 
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strength of the acid. In the P nmr spectra no protonated 
species were observed in the H^CCOOH/NiL^(L = 11a)(5/1) 
system in benzene while the corresponding F^CCOOH/NiL^ 
Table 9. Catalytic Isomerizatlon of 3-butenenltrile with HIL^/F^CCOOH In CHgClg and 
cyclohexane at 25 +.2°C® 
CHjClj c-CjHjj 
, . X cls/trans , . . cla/trans 
Cycles over 1/2 " 2-butene- Cycles over 1/2 " 2-butene 
first 30 mln (+1.0) nltrile first 30 min (+1.0) nltrlle 
Ligand (L) (+2) (+0.2) (+2) (+0.2) 
(20a) (6.0 min)h 2.0 2.1 60 30 2.4 
r 
pMe 
p-^0- (y (lia) 82 23 2.3 38 75 2.3 
I 
OMe 
P(OMe)^ 42 70 2.0 20 120 2.3 
I (1) 38 75 2.4 15 138 2.1 
OMe 
(#) 0 
(«) 0 
P(OPh)^ 0 
®[Acld]:[NlL^]:tCH2 = CHCHgCN] = 5:1:124. 
^Tlme (2^.5 nin) taken to complete 124 cycles. 
vO 
<T> 
Table 10, Catalytic Isomerlzatlon of 3-butenenltrlle with NIL^/F^CCOOH and NlL^/Cl^CCOOH 
benzene at (25°C + 0.2°C)* 
NiL^/F^CCOOH NIL^/CICCOGH 
els/trans els/trans 
Cycles over , . x 2-butene- Cycles over _ , .\ 2-butene-
flrst 30 mln 1/2 ™ nltrlle first 30 mln 1/2 nltrlle 
Llgand (L) (+2) (+1.0) (+0.2) (+2) (+1.0) (+0.2) 
(20a) 
(10.0 
mln)b 3.0 2.5 75.0 20.0 2 . 0  
(20b) 
10.0 
mln)b 3.5 2.5 68.0 19.0 2.1 
(32) 
(12.5 
mln)® 4.5 2 . 0  62 .0  30.0 1.8  
(23.0 
(30) min)b 7.0 
(lia) 60 31 
(lib) 50 33.0 
(^) 45 33.0 
m 45 38.0 
P(0Me)2 36 70.0 
^[Acid]:[NiL^]:[CH2 = CHCHgCN] = 5:1:124. 
^Tlme (+1.0 mln) taken to complete 124 cycles. 
2 . 0  42.0 75.0 1 .8  
2.0 23.0 126 1.9 
1.8 40 85.0 1.8 
vO 
CO 
1.8 40 85.0 1.9 
1.6 34 96.0 1.8 
1 . 8  25 120 1 ,8  
Table 10. (Continued) 
-0 
HlL^/PjCCOOH NlL^/Cl^CCOOH 
cis/trans cis/trans 
Cycles over . . 2-butenen- Cycles over / < \ 2-butene-
first 30 min ^1/2 nltrile first 30 min 1/2 nitrile 
Ligand (+2) (+1.0) (+0.2) (+2) (+1.0) (+0.2) 
/' 
(1) 25 120 1.7 18 135 1.6 
OR 
(33) 25 120 1.7 18 135 1.5 
I ~ 
OMe 
P(OEt)] 20 185 1.8 10 220 1.8 
P(Oi-Pr)] 18 195 1.8 
MeO-
^ ' (40) 5 - 1.6 
(U) . 5 
(42) 0 
(43) 0 
(44) 0 
P(OPh)^ 0 
1 . 6  0 
0 
o 
o 
0 
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system showed higher concentration of protonated complex 
(about 60%) than Cl^CCOOH/NiL^ system (about 21%). 
Effect of acid to complex ratio 
A comparison of the rates of isomerization in 
NiL^/FgCCOOH (1/10) system (Table 11) shows that catalysis 
is faster in the presence of higher acid concentration. 
This is seen in the faster catalysis rates by NiL^ 
(L « 20a, 20b, 11a, lib, 29 and 1) in an acid to complex 
ratio of 10 (Table 11) compared to the rates by the same 
complexes in an acid to complex ratio of 5 (Table 10). 
The effect of acid to complex ratio on the rates of catalysis 
by the NiL^/F^CCOOH system in benzene at 25*C is also 
illustrated in Figure 5. The rates are increased up to an 
optimum acid to complex ratio in the range of 10 to 15 in 
the case of Ni(l)^ and about 10 in the case of Ni(11a)and 
Ni (20a). The presence of excess acid beyond these ratios 
decreases the rates of isomerization. This suggests that 
the complex may be destroyed by the presence of too large 
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an excess of acid. From P nmr spectroscopy, it is seen 
that 100% protonation of the complex by F^CCOOH in benzene 
is achieved at an acid to complex ratio of 10 for all NiL^ 
complexes (L = six-membered monocyclic phosphite). In the 
presence of concentrations of the acid beyond that required 
for the maximum protonation of any of the NiL^ complexes, the 
Table 11. Rates of catalytic isomerization of 3-butenenitrile by NiL^/acid (1/10) systems in 
benzene at 25°C as a function of the size of the exocyclic phosphorus substituent* 
NiL^/FgCCOOH NiL^/Cl^CCOOH 
cycles 
over 
initial 
30 mln 
(+3) 
t^yg (mln) 
(+0.2 mln) 
cls/trans 
(2-butene-
nltrlle) 
(+0.2) 
cycles 
over 
initial 
30 mln 
(+3) (+0.2 mln) 
cls/trans 
(2-butene-
nltrile 
(+0.2) 
R = Me(20a) (5.0 min)^ <1.0 1.5 107 8.0 1.7 
R = n-Pr(22a) (4.0 mln) <1.0 1.6 110 7.5 1.6 
R = 1-Pr(23a) (3.0 mln)^ <1.0 1.5 115 7.0 1.6 
R = t-Bu(24a) (5.0 mln)^ <1.0 1.5 104 8.0 1,5 
R = sec-Bu(25a) (5.0 mln) <1.0 1.7 104 8.0 1.7 
R = &-bornyl(26a) 20 >8 hrs 1.6 10 12 hrs 1.5 
R = H-men thy1(27a) 20 >8 hrs 1.4 10 12 hrs 1.6 
R = a-(menthoxy-
carbonyDbenzyl 0 
R = Me(lla) 92 
R = 1-Pr(13a) 108 
R = t-Bukl4a) 96 
R = e-bornyl(16a) 0 
R = il-menthyl (17a) 0 
R = a-(methoxy-
carbonyl)benzene 0 
12 .0  
8 . 0  
9.0 
1.4 
1 . 6  
1.5 
62 
68 
64 
0 
0 
0 
30.0 
29.0 
29.0 
1.7 
1.5 
1.5 
o 
w 
P(OMe). 74 13.0 1.3 52 40.0 1.7 
P(OEt). 52 38 1.4 28 115 1.6 
P(Oi-Pr). 35 >7 hrs 1.3 25 >8 hrs 1.4 
^[acid]:[NiL^]:[olefin] = 10:1:124. 
^On increasing the substrate to complex ratio to 992, a rate of 640 cycles in 30 min was 
obtained. 
^Under the conditions in footnote b, a rate of 740 cycles in 30 min was obtained. 
"^Under the conditions in footnote b, a rate of 680 cycles in 30 min was obtained. 
Table 11. (Continued) 
NlL^/FjCCOOtt HlL^/Cl^OCOOH 
L 
cycles 
over 
Initial 
30 min 
(±3) 
tl/2 
(^.2 aln) 
cla/trans 
(2-butene-
nltrlle 
(±0.2) 
cycles 
over 
Initial 
30 min 
(±3) 
'l/2 
(±0.2 «In) 
clm/trans 
(2-butene-
nltrlle 
(±0.2) 
1 
OR 
R - Me(l) 60 35.0 1.4 30 110 1.6 
R - Et(3) 0 
— 
— 0 
— 
—— 
R - 1-Pr(4) 0 
— 
— 0 — 
R • t-Bu(^) 0 
— — 0 — 
— 
R - l-bomyl(2) 0 ~ — 0 — —— 
R - l-«ienthyl (8) 0 — 0 — — 
R " a-(*et%%oxy-
carbonyl)benzene 0 0 _ 
A-::::/ 
L 
R = Me(33) 52 
R = Et(34) 0 
R = 1-Pr(35) 0 
R = t-Bu(36) 0 
R = t-bornyl(37) 0 
R = t-menthyl(38) 0 
R " a-(inethoxy-
carbonyDbenzyl 0 
1.4 38 
0 
0 
0 
0 
78 1 . 6  
o 
Ul 
Figure 5a. The effect of acid to complex ratio ([F^CCOOH]/[NiL^] (L = 1, 11a) 
on the rate of isomerization of 3-butenenitrile in benzene at 25°C 
(the curve 'x' represents L = 1 and the curve '0' represents 
L = lia) 
Catalytic cycles over 30 min 
Ln 
O 
O 
N» 
O, 
O 
[0% 
Figure 5b. The effect of acid to complex ratio ([F^CCOOH]/[NiL^], L = 20a) 
on the rate of isotnerization of 3-butenenitrile in benzene at 25*C 
Cycles over 30 min 
OJ Ln ^ 
O O O O O 
O O O O O 
X 
X 
601 
110 
31 peak In the P nmr spectrum corresponding the protonated 
coQçlex disappears with time and the rate of catalysis 
also drops. This result is consistent with the known 
(100) dealkylation of phosphite esters by acids according 
to the general reaction (Eq. 13). 
HX + 1?(0R)3 ^ H(0)P(OR)2 + RX (13) 
The large excess of acid could, therefore, react with the 
dissociated llgand in an irreversible reaction and thereby 
destroy the catalyst. The products of such dealkylation 
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reactions are observed in the P nmr of such systems 
typically about 10 to 26 ppm as undefined broad multiplets. 
The fact that the complexes of the 4-methyl (11a) and 
4,6-dimethyl (20a) phosphorinanes are destroyed more 
extensively (Figure 5) by less acid to complex ratio compared 
to the complex of the 5,5-dimethyl phosphorinane suggests 
that there is a greater extent of llgand dissociation (i.e., 
higher Keq of dissociation) in the rapidly established 
equilibrium (Eq. 14) in the former complexes. 
HNIL^ := HNIL^ + L (14) 
Ill 
Effect of ligand basicity 
P 
OR i OR 18a 
H - -C(Ph)(H)(C00CH3) 
OR 
COOMe 
M«0—P 
COOMe 
42 
Solutions of the complexes'of the cyclic phosphite 
esters 9, 18a, 28a and ^  fail to protonate with F^CCOOH 
(in benzene or methylene chloride) as determined by the 
which was observed for the other phosphite complexes in 
the region of 6 132 to 136 ppm. This may be partly explained 
by the high electronegativity of the carboxylate group. 
The ability of the carboxylate group to withdraw electron 
density from the phosphorus makes the phosphite a poor 
electron donor and strong pi acceptor. This could make 
the metal center poorly basic and difficult to protonate. 
However, if the carboxylate grouo did, indeed, withdraw 
significant electron density from phosphorus, values 
of the protonated phosphites would be expected to be higher 
than those of analagous monocyclic phosphites with simple 
31 
absence of the expected doublet in the P nmr spectra 
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alkoxy exocycllc substituants on phosphorus. This was 
not observed as discussed in Part I of this work. Therefore, 
the reason for the failure of protonation of the NiL^ 
complexes of these phosphites by F^CCOOH may lie in a 
competition for protonation between perhaps the carboxylate 
group oxygens and the metal center. 
The solution of the NiL^ complex of the phosphite ^  in 
benzene failed to be protonated by FgCCOOH in a complex 
to acid ratio of 1 to 10 and failed to show any catalytic 
activity. Benzene solutions of NiL^ complexes of 41 
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and ^  protonate less than 5% (by P nmr spectral peak 
area measurements) in an acid to complex ratio of 10. 
None of these complexes show significant catalytic activity 
with FgCCOOH in benzene or CH2CI2 for the isomeriza-
tion of 3-butenenitrile (Table 10). The failure of 
protonation of Ni (44) and the poor protonation of NiL^ 
(L - 43) is attributable to the decreased electron 
density on phosphorus with increased molecular constraint 
as discussed in the Introduction of Part I, The decreased 
electron density makes these phosphite esters less basic 
than the six-membered monocyclic phosphites. This is also 
reflected in the high values in the protonated 
phosphites (Table 2) and higher in NKCO^L complexes 
(Table 4) of and ^  and ^  compared to those of 
the six-membered monocyclic phosphite esters. 
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Effect of Isomerism due to configuration at phosphorus 
A slight difference Is observed between the catalytic 
rates for the complexes Nl(lla)^ and Nl(llb) , but not 
between Nl(20a)^ and Nl(2Qb) . The rate for Nl(lla) 
Is higher than the rate for Ni(lib) as shown in Table 10. 
As discussed in Part I, the isomerizatlon of Ni(20b)^ 
to Ni(20a)^ in acidic solution is very fast and therefore 
no difference in the rates between the two complexes is 
observed. The complex Ni (lib) (the complex of the Isomer 
with an axial lone pair) shows a slightly lower rate of 
catalysis. However, over the course of catalysis this 
complex also slowly isomerlzes to Ni(11a). Thus, the 
difference in catalysis rates Is only during the initial 
stages of the reaction. As will be discussed later, 
greater basicity of ligands appears to slow down catalysis. 
This may thus be the reason for the slower rate of catalysis 
by Ni (lib)compared to that of Ni (lia) , since the axial lone 
pair in phosphorinanes is more basic than the equatorial 
lone pair (6). 
Effect of substituents on the 1,3,2-dioxaphosphorinane llRand 
The effect of the size of substituents on the 
phosphites on the rate of catalysis by NIL^/F^CCOOH is 
of two types; a. effect of ring carbon substituents and 
b. effect of exocyclic nhosphorus substituents. 
114 
Effect of ring substltuents Methyl and ethyl 
substituents on the 4- and 6- positions dramatically 
enhance catalysis (compare the rates by NiL^(L - 20a, 
20b. 30. 11a. and lib) to the rates by Ni(l)^ and Ni(33)^ 
in Table 10). Substitution of a methyl group at the 
equatorial 4- and 6- positions of the six-membered ring 
constitutes the optimum ring substitution pattern. This 
is seen in the catalytic rate order: Ni(20a) > Ni(32)^ 
> Ni (30)^ > Ni (lia),, > Ni (29)^ > Ni<33)^, Ni(l)4. 
conformation of 29 is expected to be deformed from the 
chair conformation, since an axial methyl group is 
unfavorable. This change in conformation of the ring 
apparently diminishes steric (and/or electronic) factors 
responsible for isomerization catalysis and makes 
Ni (29)/, catalytically less active than Ni (11a)/,. Ethyl 
groups on the 4- and 6- equatorial positions and 4,4,6,6-
tetramethyl substitutions enhance catalysis but these also 
lead to slower rates than 4,6-dimethyl substitution. The 
enhancement of the rates of catalysis by substitutions at 
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Che 4- and 6- positions on the rings in all cases is 
probably due to a steric effect which promotes ligand 
dissociation from HNiL^. However, substituants larger 
than one methyl group each at the 4- and 6- positions 
decrease the rates. This decrease may be due to steric 
hindrance of the coordination of the olefin by ligands 
which are too bulky. Methyl substituents at the 5-
position do not enhance catalysis at all (compare the 
rates by Ni(l)^ and Ni(13)^ in Table 10). It is 
reasonable to attribute this to the distance of the 5-
position from the metal center, since little steric 
interaction between ligands should be expected at this 
distance. The source of electronic effects stemming from 
differences in ring substitution patterns is presently 
obscure. It is observed, however, that the 5,5-dimethyl 
31 phosphorinane (1) has a chemical shift in the P nmr 
spectrum of 5 to 6 ppm upfield from those of the stable 
forms of the 4- and 4,6-dimethyl substituted phosphorinane 
systems (11a and 20a). Moreover, the former phosphite shows 
less basicity (Table 3) as shown by the frequencies of the 
CO stretches in Ni(C0)2L and BH stretches in the borane 
adducts of these phosphites. 
Effect of exocycllc phosphorus substituents Increas­
ing the size of the exocyclic phosphorus substituent in the 
4-substituted and the 4,6-disubstituted ring systems 
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moderately Increases the catalytic activity of the nickel 
complex from Me to i-Pr, but a slow decline in activity 
is observed when the exocyclic group is larger than isopropyl 
grouD (see the rates by NiL^ (L = 20a, 22a, 23a, 28a, 11a, 
13a, 1, 3, 4 in Table 11). It is seen from Table 11 that 
when the exocyclic group is t-menthyl or n-bomyl the 
catalytic activity is very much reduced. In the case of 
the 5,5-dimethyl substituted and also the unsubstituted 
ring systems, an increase in the bulk of the exocyclic 
grouD even beyond the methyl group reduces the activity of 
the complex to near zero (Table 11). 
The slight increase in catalytic activity as the 
exocyclic phosphorus substituent is made larger from 
methyl to isopropyl in the 4-substituted and 4,6-disubstituted 
phosphites is again attributable to steric factors which 
favor ligand dissociation. The observed trend in catalytic 
rates of NiL^ complexes as a function of the sizes of the 
exocyclic phosphorus substitutents is in parallel with 
the observed relative rates of ligand exchange in the 
HNiL^ complexes. Relative rates of ligand exchange were 
31 
estimated from line broadenings in the P nmr spectra 
at room temperature. At room temperature, benzene solutions 
of NiL^ complexes acidified with FgCCOOK show only broad peaks 
((S 133.5 ppm for the HNiL^ species when L = 20a, 21a, 22a, 
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23a, 24a and 25a showing that there is a fast ligand 
exchange on the nmr time scale in these complexes. On 
the other hand, as discussed in Part I, well-resolved 
doublets (Figure 2) are observed at the same chemical shift 
for HNiL^ when L - 1-8^, lla-17a, 26a and 27a which shows 
that ligand exchange in these complexes is slower. 
1 
OR U 
\ 
OR 
% 
R R R 
1 Me 11a Me 20a Me 
3 Et 12a Et 21a Et 
4 i-Pr 13a i-Pr 22a n-Pr 
6 t-Bu 14a sec-Bu 23a i-Pr 
7 i-bomyl 15a 1 4
J 
24a t-Bu 
8 2,-menthyl 16a 2-bornyl 25a sec-Bu 
17a «.-menthyl 26a 
27a 
&-bomyl 
2-menthyl 
4 
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This observation suggests that the slower rates of 
catalysis by NiL^ complexes where L is a monocyclic nhosphite 
with large exocyclic group are due to slower ligand exchange. 
The origin of the slower exchange under these circumstances 
is not obvious. 
31 Using P nnr spectroscopy, it is observed (Table 12) 
that the extent of protonation of the -liL^ connlexes by 
F3CCOOH (with [FgCCOOHT/tUiL^l = 5 in a 10"^ M solution of 
MiL^ in benzene) is in the decreasing order 27a, 8 > 24a, 
6, > 21a, 21a, 4, 3, > 20a. 1^. Except for the last two sets, 
this reflects the reverse of the order of rate of ligand 
exchange as shown above and also that of the relative rates 
of catalytic isomerization of 3-butenenitrile. 
Tolraan (101) has shown, by comparison of ^formation 
of HNiL^ and in Ni(C0)2L, that the formation equilibrium 
constant of HNiL^ (i.e., the basicity of NiL^) parallels 
the basicity of the phosphite itself. The above observation 
therefore, suggests that with the growth in size of the 
exocyclic phosphorus substituent there is an increase in 
the basicity of the phosphite and hence also in the basicity 
of the complex. 
Some reasons which can be cited to explain the increase 
in basicity with increase in the size of the exocyclic 
organic substituent on phosphorus are: 
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Table 12. Per cent protonated NiL^ as function of 
[FjCCOOHl/tNiL^]^ 
'  I 
OR OR 
[F3CCOOH]/[NiL^] [F3CCOOH]/[NiL^] 
2.0 5.0 7.0 10.0 2.n 5.07.0 10.0 
31 
7. protonated by P nmr peak height (+5) 
R 
CH3 (1) 0 4 54 100 20a 0 5 50 100 
C2H5 (3) 0 18 68 100 21a 0 10 65 100 
i-C3Hy (4) 0 24 63 100 22a 5 25 65 100 
(6) 5 42 76 100 24a 5 40 75 100 
n-menthyl (8) 10 55 85 100 27a 10 50 80 100 
^Calculated from nmr spectral peak areas. 
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An Inductive effect of a larger organic substituent 
on phosphorus increases the phosphorus basicity. 
An increase in the bulk of the exocyclic group 
causes an opening of the OPO angle that includes 
the exocyclic alkoxy group due to syn-diaxial inter­
actions with the axial protons on the 4- and 6-
positions of the ring. This causes rehybridiza-
tion of the phosphorus orbitals which increases 
the p-character in the lone pair. There is some 
support for this notion in the values of the 
protonated phosphites (Table 2). This value for 
the phosphites with an axial methoxy phosphorus 
substituent is larger than the values for phos­
phites with larger alkoxy groups. The parallel 
relationship between in the protonated 
phosphites and the basicity of phosphites shown 
by VgQ in NiCCO)^! has been noted by various 
workers (51, 12). These results also support a. 
A change in the conformation of cyclic phosphites 
could occur on complexation such that the exo­
cyclic group is sterically forced into an 
equatorial or a pseudo-equatorial site and the 
lone pair becomes axial or pseudoaxial. From BH 
stretching frequencies of the L BHg adducts 
and CO stretching frequencies in Mo(CO)jL 
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con^lexes where L is 20a or 20b, the axial lone 
pair Is known to be more basic than the equatorial 
lone pair (102, 103). Such a conformation change may 
be partly responsible for the Increased basicity 
of the complex with the Increase In the bulk of the 
exocycllc phosphorus substituent. 
Variations In the position of the exocycllc phosphorus 
substltuents and the conformations of non-rlgld phosphorlnane 
systems have also been Investigated by many workers. Several 
electronegative exocycllc substltuents, Including alkoxy 
(104, 105) F, CI, Br (104) and also phenyl (106) and alkyl 
(107) groups, are known to favor the axial position on 
phosphorus in the 5,5-dimethyl- and 5-methyl,5-chloromethyl-
1,3,2-dloxaphosphorlnane ring systems in the chair conforma­
tion. Vicinal interactions along the P-0 bonds including 
those Involving the phosphorus lone pair have been cited 
to explain the preference of the axial position by the 
exocycllc substltuents on phosphorus against the unfavorable 
1,3-syn-dlaxial interactions with protons on the ring 
carbons at the 4- and 6- positions. Bent rude and Tan (104) 
suggested that in monocyclic phosphite systems, when 1,3-
syn-dlaxial repulsions outweigh the P-0 vicinal interactions, 
the substituent preferably takes an equatorial position. 
In a variety of phosphorinanes other workers (108, 109) 
have also shown that as the exocycllc substituent on 
122 
phosphorus Increases in bulk, there is a, shift in the 
resonance of and Cg to lower field which is caused by 
a decrease in the normal axial preference of the ezocy.clic 
phosphorus substituent as its steric size increases. 
I 
OR 
R - Me(l) 
R - 3,5.(022)20*23(58) 
R - 2,6-(CH3)2CgH3(^) 
R - 2.6-(C(CH3)3)2-4-CH3CgH2<W) 
From F*0 stretching frequencies of their oxidation products, 
and 22 were shown to consist of essentially only 
the conformers with axial methoxy group and an equatorial 
lone pair (110, 111), whereas with a very bulky 
exocyclic group exhibits an approximately equal distribution 
of the conformers with an equatorial and an axial phosphoryl 
oxygen (112), This change in conformer distribution is 
attributed to the large 1,3-syn-diaxial interactions between 
the exocyclic group and the and Cg axial protons 
which partly overcome the electronic forces which favor the 
axial alkoxy group equatorial lone pair configuration. 
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The increased basicity which may arise in one or all 
of the three ways discussed above may account for the 
stronger bonding and decreased rate of ligand 
dissociation from HNiL^ when the exocyclic group on 
phosphorus is a bulky group. Although as a free ligand, 
2-OR-5,5-dimethyl-l,3,2-dioxaphosphorinane does not show a 
preference for an axial lone pair until R is as large as 
2,5-di-t-butyl-4-methyl benzene, it is conceivable that 
in coordinating to form NiL^, the exocyclic phosphorus 
substituent, for R groups of intermediate size, could be 
forced into a pseudo-equatorial position owing to 1,3-
syn-diaxial steric interactions aided by unfavorable 
ligand-ligand interactions. Such interactions could be 
accommodated by a twist-boat conformation or a ring flip 
of the axial-OR chair into an equatorial-OR chair conforma­
tion in the 5,5-dimethyl phosphorinane system (Scheme II). In 
the 4-methyl or 4,6-dimethyl ring systems ring flips are 
energetically unfavorable, but twist-boat conformations 
may be adopted. In addition to the increase in basicities, 
it is also possible that the increase.in size of phosphorus 
substituents impedes coordination of the olefin on the metal 
and thus slows doim or halts catalytic activity. 
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T 1 
Scheme II. Possible changes in configuration at phosphorus 
in coordinated phosphorinanes. 
Effect of the presence of added excess ligand 
In all cases investigated, added excess ligand has 
the effect of suppressing the rates of isomerization 
of 3-butenenitrile by NiL^/F^CCOOH systems (Table 13). 
The effect is much more pronounced in the weaker catalytic 
systems (Ni(l)^ and Ni (lia) /^) than in the more active 
catalyst system (Ni(20a)^). These observations are 
consistent with the notion that there is more extensive 
ligand dissociation in the more catalytically active 
Ni(20a)/F3CCOOH than in the less active systems. The 
presence of excess ligand depresses ligand dissociation 
(i.e. , formation of HNiL^ in Equation 15) more significantly 
in less extensively dissociated systems. 
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Table 13. Effect of excess ligand on the rate of isomeriza-
tlon of 3-buteneAitrile by NiL^/FgCCOOH (1/5) in 
benzene at 25*C* 
L L/NiL^ Cycles/30 min (+3) 
0 (10 min)b 
(20a) 2 (12 min)b 
I 5 (15 min)^ 
OMe 
10 85 
1 
0M« 
1 
(11a) 
0 
5 
10 
0 
60 
25 
5 
25 
1 
^ (1) 2 
5 
10 
0 
0M« 
P(0Me)3 0 
2 
5 
36 
23 
5 
^fNiL^] :[F3CCOOH]:[Olefin] - 1:5:124 
^Shown 
to complete 
in parentheses 
124 cycles. 
are the times (+0.5 min) taken 
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HNILJ HNiLj + L (15) 
[HNiLÎ][L] 
^equllib [HNIlJ] 
Before addition of excess ligand; 
+ [HNiLt 
- "^equiub. -rrr (17) 
and after addition of excess ligand: 
. [HNiLt] 
K^quilib. <18) 
(L' - added excess ligand) 
It is seen from Equation 17 that [HNiL^] is dependent 
on the ratio [HNiL^]/[L] (where L is the dissociated ligand). 
The addition of excess ligand L' decreases this ratio more 
significantly when [L] is small than when it is larger (Equa­
tion 18). Therefore, dissociation of complexes that have low 
Kequiiib (i.e., less extensively dissociated complexes) to 
start with, is more significantly depressed by the presence 
of excess ligand. 
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Effect of substitution of oxygen In the ring by carbon 
The six-membered monocyclic phosphites substituted at 
4- and/or 6-posltions in general form NiL^ complexes 
which are by far more efficient olefin isomerization 
catalysts than their acyclic analogues (Table 10). A 
striking case in point is the higher efficiency of the 
Ni(23a)compared to that of Ni[P(Oi-Pr)g]^ in the catalytic 
isomerization of 3-butenitrile. In order to determine the 
effect, on catalysis, of geometrical constraint of the oxygen 
lone pairs from Ni[P(Oi-Pr)2]4 to Ni(23a). it was deemed 
worthwhile to investigate the rates of catalysis by the 
NiL^ complexes of the phosphinite analogues ^  and 50 
respectively wherein the ester oxygens in the phosphites 
are substituted by CHg. 
Oi-Pr 
23a 
l-Pr-OP 
O i - P r  
50 49 
Although Ni(50)4 is a more efficient catalyst than 
Ni(49)/^ (Table 14), the difference in the rates of 
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Table 14. Rates of Isomerizatlon of 3-butenenitrile by 
NiL^/F^CCOOH (L - phosphinite) in benzene at 
25 "G 
Cycles over 
30 min 
(+2) 
cls/trans 
(2-butenanitrile) (+0.1) 
i-Pr-OP 
(49) 32 1 . 0  
L, (50) 36 1 . 1  
^[NiL4]:[acid]:[olefin] - 1:10:124. 
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catalysis Is rather small (127.) compared to the difference 
(20007.) In the rates of NltPfOi-Pr)]]^ and Nl(23a)^. This 
shows that substitution of carbon In place of oxygen In 
the ring system of phosphorInanes greatly diminishes the 
effect of molecular constraint on the llgand properties of 
the phosphlnlte. As discussed In the Introduction to Part I, 
orbital orientation effects In acyclic phosphites give rise 
to a repulsive Interaction of the phosphorus lone pair 
with at least one oxygen lone pair. In monocyclic phosphites 
with an equatorial lone pair, some interaction can be 
expected between the lone pair of phosphorus and a lone 
pair on the exocyclic oxygen. Interactions between the 
equatorial lone pair on phosphorus and those on the ring 
oxygens, however, are precluded because of orthogonality. 
However, the ring oxygens are seen to play a part in shaping 
the catalytic properties of Ni(23a). Thus, there is a 
large difference between the catalytic Isomerlzatlon rates 
of the NIL^ complex of 23a and that of the acyclic equivalent 
P(01-Pr)2. Sterlc differences between 23a and PfOl-Pr)] 
would appear to be of minor Importance since the cone angle 
in acyclic phosphite esters Is unchanged upon cyclizatlon 
(54). Thus, the enhancement in catalytic properties 
conferred on the NIL^ complex of 23a compared to P^Oi-Pr)^ 
is most likely due to an electronic difference which is 
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not observed between the cyclic phosphlnlte 50 and the 
acyclic phosphlnlte ^  for which the rates of catalysis 
by their respective NIL^ complexes are similar (Table 14). 
The difference between the catalytic rates of Ni(49)^ and 
Nl(50)/^ is attributable to a minor sterlc difference between 
the two llgands that may result from cycllzatlon and the 
accompanying reduction in one carbon atom in the cyclic 
phosphlnlte. As expected, this sterlc difference at 
such a relatively large distance from the metal center 
is of minor consequence in the dissociation of the 
complex and hence also in determining the catalytic 
properties of the conqplex. 
Tolman (8) has noted that NiCPCOi-Pr)^]^ forms a 
yellow solution in benzene at room temperature showing 
an absorption at 430 nm the intensity of which grows with 
increasing temperature. The yellow color disappears 
on addition of excess ligand indicating that it arises 
from ligand dissociation and formation of NitPCOi-Pr)^]]. 
This was not observed for the complexes of PCOMe)^ and 
PCOEt)^, which led to the conclusion that the greater 
bulk of PCOiPr)^ is responsible for the dissociation of 
NifPCOiPr)^]^. The benzene solutions of Ni(23a)^ also 
are colorless at room temperature and there is no evidence 
31 
of ligand dissociation in the P nmr spectra. 
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Since the difference in bulk between 23a and 
PCOiPr)^ is minor, it seems reasonable to attribute the 
difference in the extents of ligand dissociation of their 
NiL^ complexes to electronic properties of the two 
phosphite ligands which result from the cyclization of an 
acyclic phosphite. If the relative extents of ligand 
dissociation in the neutral complexes can be assumed to 
hold for the protonated complexes, the decreased catalytic 
efficiency of NifPCOiPr)^]^ could be accounted for by a 
faster destruction of the complex by the acid. Such 
decomposition stems from the dealkylation of the dissociated 
ligand by the acid which, in turn, leads to further 
dissociation and still further dealkylation eventually 
deactivating the catalyst. On the other hand, the enhanced 
catalytic activity of Ni (23a)is ascribable to having an 
extent of ligand dissociation small enough to avoid detri­
mental rate of ligand dealkylation by the acid but large 
enough to provide a propitious concentration of the active 
HNiLg species. 
. The exact reason for the high catalytic efficiency of 
Ni(23a)is not obvious from the present work. It is 
possible that 23a possesses a ligand-metal bond with a 
combination of sigma donor pi acceptor properties which 
gives rise to optimum ligand dissociation for catalytic 
activity. On the other hand, the particular configuration 
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of the oxygen lone pairs imposed by the ring of 23a 
in Ni(23a)^ may play a role in facilitating the coordination 
and/or departure of the olefin. 
Asymmetric catalytic isomerization using Ni((-)-lia)^/FgCCOOH 
in benzene at 25°C 
Ni((-)-lla), 
CH,CHo(CHo)C-CHCH«CN CH.CH, (CH->)CHCH-CHCN (19) 
^ ^ ^ FgCCOOH/CgHg J ^ -3 
The catalytic isomerization of Et(Me)C"CHH2CN to 
Et(Me)CHCH=CHCII was performed using Ni((-0-lla)^/FgCCOOH in 
benzene at 25°C. Shown in Figure 6 are the nmr spectra of 
CH2CH2(CK2)C=CHCK2CN before isomerization (Figure 6a) and 
the product of asymmetric catalytic isomerization without 
(6b) and with (6c) the chiral shift reagent (Eu^hfc)]) in 
1:1 molar ratio. The assignments of peaks in Figure 6a 
for the olefin before isomerization are as follows: 
CH3 CH2--C=CH CHg CN 
-3- — CH^'a ~V 
c 
The product obtained after catalytic isomerization 
contains about 30% of the starting material as determined 
by the peak heights of the CN stretching frequencies of 
the starting and product olefins. Therefore, in the nmr 
Figure 6a. nmr spectrum in CDCl^ of the olefin CH^CHg(CH^)C=CHCH2CN before 
catalytic isomerlzatlon (see text for assignment of peaks) 
(Uuu) y 
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Figure 6b. nmr spectrum CDCl^, of the olefin CH-JCH2 (CH2)CHCH=CHCN, which was 
obtained by the catalytic isotnerization of CH2CH2(CH2)C=CHCH2CN using 
Ui((-)-lla)^/FgCCOOH (1/5) in benzene at 25°C (see text for assignment 
of peaks) 
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Figure 6c. nmr spectrum of the olefin CH2CH2(CHj)CKCN=CHCN (Figure 6b) In 
CDClg after addition of the chiral shift reagent Eu^hfc)^ in 1:1 
molar ratio (see text for assignment of peaks) 
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spectrum of the product (Figure 6b) some peaks correspond 
to those in Figure 6a. The assignments of the peaks in 
Figure 6b are as follows : 
CH3 CHg CH CH CH-CH CN 
~3 c~ CHgT" "a" "i~ 
e 
The peak labelled g in both cases seems to arise from 
some unknown impurity. The main feature of the spectrum 
of the product of isomerization (Figure 6b) is the 
appearance, as expected, of a doublet (e in Figure 6b) 
at 6 1.30 ppm due to the methyl group directly bonded to 
the chiral carbon. It is seen in Figure 6c that on 
addition of the chiral shift reagent to the same sample 
a smaller doublet (e in Figure 6c) appears just upfield 
from the doublet at 6 1.30 ppm. The peak area integrations 
of the two doublets are in the ratio of 76:24, showing that 
a 52% optical yield has been achieved. The sample showed 
a negative rotation, but an accurate value for the rotation 
could not be determined since a pure sample was not obtained. 
NiL^/Lewis Acid Systems 
The catalytic activities of equimolar NiL^/Lewis acid 
systems were found to be comparable to, and in a few 
cases more efficient than the NiL^/F^CCOOH and NiL^/Cl^CCOOH 
systems for the isomerization of 3-butenenitrile (compare 
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the rates of catalysis by Ni(20a)/FgCCOOH in Table 10 
and Ni(20a)/^/AlCl2 system in Table 15). Among the metal 
salts tested for co-catalytic ability (AlCl^, ZnCl2, 
TiClg, CuCl, HgCl2 and AgCl) it was found that AlCl^, 
ZnCl2 and TiCl^ acted as Lewis acid co-catalysts with 
reasonable efficiency. AlCl^ formed by far the most 
active co-catalyst followed by ZnClg (Table 15), and TiClg 
was only weakly active while CuCl, HgCl2 and AgCl failed 
to show any co-catalytic activity. 
The rates of catalysis by NiL^/Lewis acid systems 
were greatly increased with increasing polarity of the 
solvent from cyclohexane to methylene chloride (Tables 
15 and 16). This increase can be attributed to a 
stabilizing effect of polar solvents on the catalytic 
intermediate. The complex of AlClg amd NiL^ forms a 
yellow solution in the polar solvent CH2CI2 but it does 
not dissolve in benzene alone indicating its polar nature. 
A yellow solution is also obtained in benzene when 
the polar substrate 3-butenenitrile is added. The solutions 
of mixtures of NiL^ and Lewis acids which form the active 
catalyst systems are yellow (x^^^ 335 nm) which 
parallels the observation that the active NiL^/protic acid 
mixtures are also yellow. The inactive mixtures form 
either faintly yellow solutions (as with NiL^/HgCl2) or 
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Table 15. Rates of Isomerlzatlon of 3-butenenltrlle by 
NIL^/Lewis acid systems In c-CgH^2,CgHg,THF and 
O CHgClg at 25°C 
L (Llgand) Solvent 
Lewis 
Acid 
Cycles 
over 
first 
30 mln 
(+2) 
cls/trans 
2-butene-
nltrlle (+0.1) 
OMe (20a) 
AICI3 92 1.20 
ZnClg 20 1.10 
TICI3 10 1.20 
C6«6 AICI3 (4.0 mln)^ 1.20 
AnClg 30 1.15 
TICI3 15 1.10 
THF AICI3 (4.0 mln)^ 1.05 
ZnClg 45 1.10 
TICI3 65 1.20 
CHgClg AICI3 (2.0 mln) 1.20 
ZnCl2 110 1.15 
TlClo 72 1.20 
*[Lewls acid];[NIL4]:[CH2-CHCH2CN] - 1:1:124. 
^Tlme (+0.2 mln) taken to complete 124 cycles. 
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Table 15. (Continued) 
Cycles 
over 
first cls/trans 
Lewis 30 mln 2-butene-
L (Llgand) Solvent Acid (+2) nltrlle (+0.1) 
AICI3 50 1.10 
ZnClg 20 1.10 
TICI3 24 1.15 
OM. (11») 
C6*6 AICI3 88 1.15 
ZnClg 20 1.10 
TICI3 24 1.15 
THF AICI3 110 1.20 
ZnClg 32 1.20 
TiCl3 28 1.20 
CH2CI2 AICI3 (20 mln)* 1.20 
ZnCl2 60 1.15 
TiCl3 40 1.05 
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Table 15. (Continued) 
L (Ligand) Solvent 
Lewis 
acid 
Cycles 
over 
first 
30 min 
(+2) 
cis/trans 
2-butene-
nitrile (+0.1) 
AICI3 36 1.25 
1 
ZnClg 10 1.20 
1 
R - Me (1) 
TiCl] 0 1.25 
C6*6 AICI3 54 1.10 
ZnClg 15 1.15 
TiClg 0 1.25 
THF AICI3 60 1.10 
ZnClg 16 1.10 
TiClg 0 1.20 
CH2CI2 AICI3 92 1.10 
ZnCl2 20 1.10 
TiCl3 0 1.10 
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Table 15, (Continued) 
L (Ligand) Solvent 
Lewis 
acid 
Cycles 
over 
first 
30 min 
(+2) 
cls/trans 
2-butene-
nltrlle (+0.1) 
Et (3) 
i-Pr(4) 
ec-Bu(5) 
t-Bu(6) 
n-bomyl 
(7) 
jl-nenthyl 
(8)  
C6*6 
AICI3 
THF ZnClg 
CHgClz TlCl] 
AICI3 
ZnCl 2 
TICI3 
43, 44 
^"^6^12 
CeHe 
THF 
CHgCl 
AlCl. 
ZnCl, 
TiCl-
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Table 15. (Continued) 
Cycles 
over 
first cis/trans 
Lewis 30 min 2-butene-
L (Ligand) Solvent acid (+2) nitrile (+0.1) 
P(0Ph)3 
AlCl. J 
ZnCl, 
THF 
TiCl. 
CH2CI2 
J 
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colorless suspensions (as with NiL^/CuCl and NiL^/AgCl 
systems). 
In the same way as addition of protic acid to benzene 
solutions of NIL^ complexes gives rise to ligand lability 
as shown through ligand exchange reactions with P(OMe)g, 
Lewis acids are also seen to effect ligand exchange between 
31 
NIL^ and PCOMe)^. In the P nmr spectra of CH2CI2 solutions 
of the catalytically active NiL^/Lewls acid mixtures to 
which P(0Me)2 has been added, displacement of L on nickel 
by P(OMe)g is seen to give rise to NiLjjCPCOMe)^)^,^ type 
of complexes and free L. The spectra of such complexes 
have been discussed earlier for the cases of NiL^/protic 
acid systems. This suggests one or both of the following 
roles for Lewis acids in labilizing ligands on NiL^: 
1) The Lewis acid forms an adduct with NiL^ similar to 
the product of protonation of NiL^, as a result of which 
ligand labilization occurs, i.e., the same role as the 
proton, ii) The Lewis acid forms an adduct with the 
dissociated ligand which is in equilibrium with the complex 
in solution, thus, shifting the equilibrium toward further 
dissociation of the complex. Although no evidence was 
obtained for the latter process, NiL^:AlClg adduct 
formation is indicated by the similarity of UV-visible 
absorption of NiL^/AlCl^ in CH2CI2 (^jjj^x nm) to that 
of HNiL^^ ^Vax where L • 20a) . 
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The nature of the interaction of NiL^ with Lewis is not 
understood at this point. Attempts to isolate the complex 
of AlClg and Ni (20a)by evaporating the solvent under 
vacuum gave white solid from which Ni(20a)^ could be 
extracted with ether leaving AlClg behind. However, 
since protonation and the addition of the Lewis acid 
have similar effects, i.e., ligand labilization and 
catalytic activity, a complex is probably formed in solution 
between the Lewis acid and the NiL^ complex from which a 
phosphite ligand can dissociate to create a vacant site on 
the metal center for the olefins by the same mechanism as 
protonation (Eq. 20). In the process either partial 
NiL^ + AICI3 —^ L^NiAlClg^Cl" 
~ 1 + 
LgNiAlClg CI" + L (20) 
ionic dissociation or at any rate some polarization, 
takes place in the adduce as shown in Equation 20 
-1 9 - 2 
since in CH^CN a molar conductance of 15.4 ohm" cm mole" 
was observed at room temperature. As in the case of the 
NiL^/protic acid systems, catalysis rates are suppressed by 
the presence of excess ligand as shown by the data in 
Table 16. 
Complexes of low-oxidation state transition metals are 
known widely to coordinate to Lewis acids (113, 114, 115) 
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Table. 16. Effect of excess llgand on the rate of Isomerlza-
tlon of 3-butenenitrile by NiL^/AlCl^ systems in 
CgHg at 25°C (+0.2°C)* 
Cycles over the cis/trans 
first 30 min 2-butenenitrile 
L L/NiL^ (+3) <+0.10) 
0.0 (4.10 min)b 1.20 
I (20a) 0.5 (10.0 min)G 1.20 
1.0 (23.0 min)^ 1.10 
2.0 96 1.15 
^ 
0 . 0  8 8  1 . 2 0  
OMe (11a) 0.5 54 1.25 
1.0 37 1.10 
2.0 25 1.10 
P(OMe)^ 0.0 62 1.15 
0.5 38 1.25 
1.0 31 1.10 
2.0 24 1.10 
^ÎNiL^]:[AICI3]:[olefin] - 1:1:24. 
^Time (+0.5 min) taken to complete 124 cycles. 
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Table 16. (Continued) 
Cycles over the ois/trans 
first 30 min 2-butenenitrile 
L/NiL^ (+3) (+0.10) 
0.0 48 1.20 
0.5 22 1.15 
1.0 10 1.25 
2 . 0  0 
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such as BFg, HgCl2, GaBr^ and InBr^. The mode of coordina­
tion in the cases where the Lewis acids are group IIIA 
halides and the basic metal complexes are anionic (such as 
Fe(CO)^", Co(CO)^ ) reveals a balance between simple adduct 
formation and nucleophilic displacement of the halide ion 
(113) by the basic complex. Partial halide displacement 
has also been observed (113) in the Lewis acid-Lewis base 
tyoe complexes formed by HgCl2 with complexes such as 
(n-C5H5)Rh(CO)2. (Rh(C0D)Cl]2 (diphos)2M0(CO)2 to yield 
the HgCl"^ adduct s . 
The catalytic intermediate compounds formed between 
AlClg, ZnCl2 and TiClg with NiL^ complexes are probably 
adducts with some polar character judging from its in­
solubility in benzene, solubility in the more polar CH2CI2 
and the low conductivity. 
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CATALYTIC HYDROCYANATION OF OLEFINS 
Introduction 
Nitriles form highly versatile precursors to many 
classes of organic compounds including carboxylic acids, 
amines (114), amides, esters and isocyanates (115). The 
synthesis of nitriles is thus an important endeavor in 
synthetic organic chemistry. Syntheses of nitriles have 
been achieved via routes such as dehydration of aldoximes 
and carboxamides (116), dehydrogenation of amines and 
nucleophilic displacement of halides by cyanide ion 
(115, 117). Olefins with activating groups such as 
carboxyl, cyano, nitro or aryl, and conjugated diolefins 
readily add HCN in the presence of basic cocatalysts 
such as CN~ itself (118). Homogeneous catalytic hydro-
cyanation in solution was first carried out by Arthur 
et al. (119), when they used Co2(C0)g in the hydrocyanation 
of various olefins under mild conditions. Subsequent 
results were described in which several low valent complexes 
transition metal complexes including Ni(CN)^^~ (120), 
CugClg (121, 122), Ni(CO)^ (123), HCo(P(0R)3)^ (119) and 
Ni(P(OR)2)4, (124) have been used in homogeneous catalytic 
hydrocyanation of olefins. The ligands most often used in 
transition metal complex catalysts are alkyl and aryl 
phosphines and phosphites (119, 124). 
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In its reaction with low valent transition metal 
complexes, HCN behaves as a orotic acid, oxidatively 
adding to the metal center (125, 126) (2) to form the 
cyanohydride of the complex. Low oxidation state transi­
tion metal complexes, especially those of group VIII, 
behave as strong Lewis bases and this behavior has been 
the subject of a study by Kocz and Pedyocty (127). 
In the generally proposed mechanism of catalytic 
hydrocyanation by transition metal complexes, the initial 
steps are the oxidative addition of HCN and coordination 
of the olefin to the metal center (127). This process is 
often followed by an insertion of the olefin in the M-H 
bond leading to a metal-alkyl complex (128). Addition of ' 
a second HCN molecule or a ligand molecule L to the metal 
forces a reductive elimination of the nitrile group in a 
completed cycle of catalysis (Scheme III). 
ML, 
n 
+ HCN HM(CN)L^= HM(CN)Lj^_^ + L 
+HCN olefin 
M(<f-alkyl) (Cîî)L^_j_ —HM(CN)L^_3_(n-olefin) 
Scheme III. Mechanism of the catalytic hydrocyanation of 
olefins 
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Evidence for the oxidative addition of HCN to transition 
metal complexes is plentiful. Several workers (129, 
130) have prepared five-coordinate cyanohydride complexes 
of trialkyl or triaryl phosphines and phosphites such 
as Pt(H)(CN)(PPh3)2, Rh(H)(CN)(CI)(PPh3) and 
Ir(H)(CN)(CI)(CO)(PPh3)2 and HNi(P(OEt)3)3(CN) Che 
oxidative addition of HCN to Pt(PPh3)^, Rh(PPh3)3Cl, 
Ir(CO)(PPh3)3CL and Ni(P(OEt)3)^, respectively and 
31 1 
characterized the products by ir, P and H nmr 
spectroscopy. 
The addition of HCN to NiL^ (L • phosphines or 
phosphites) could be formulated as proceeding via two 
pathways involving (i) protonation of the complex followed 
by dissociation of a ligand molecule and complexation of 
the cyanide ion or (ii) by the dissociation of a ligand 
molecule followed by direct addition of HCN. In pathway 
(i) (Equation 21) the protonation step is known to be a 
(i) NiL^ + H'''= HNiL^'*'= HNiL3+ + L (21) 
HNiL3'*' + CN"—HNiL3(CN) 
HCN 
(ii) NiL^—NiL3 —• HNiL3(CN) (22) 
+L 
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rapidly established equilibrium (87). The dissociation 
of a ligand molecule from the protonated complex is much 
faster than the dissociation from the neutral complexes 
(130, 131) although both the rate and extent of dissociation 
of ligand molecules from the neutral and protonated complexes 
vary widely and are highly dependent on steric and electronic 
properties of the ligands (132). It is therefore likely 
that pathway (i) is the major contributor to the formation 
of HNiL2(CN). That such hydride complexes are also present 
as intermediates in the catalytic hydrocyanation of olefins 
is shown by the frequent occurrence of olefin isomeriza-
tion during catalytic hydrocyanations (132). 
Evidence supporting the reductive elimination of 
nitrile group from the postulated intermediate, P}fL^(CN) , 
assisted by a ligand molecule, was recently found by 
Turco et al. (133) in a reaction in which P(0Et)2 assists 
in the reductive elimination of PhCN from Ni(CN)(Ph)(P(c-
hexyl)2)2- The kinetics indicated that the reaction 
involves a bimolecular process in which POOEt)^ attacks 
at the four-coordinate metal center forming a five-
coordinate intermediate of the type Ni(CN)(Ph)(P(c-
hexyl)2)2(P(0Et)g) The same effect was observed with 
Et2PCH2CH2PEt2 (134). However, the reductive elimination 
reaction failed to occur with P^c-hexyl)^ although the 
five-coordinate intermediates are formed in all cases. 
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The bulk of the ligand PCc-hexyl)^ is thought to be 
responsible for its failure to reductively cleave PhCN 
by impeding the requisite interaction of the coordinated 
cyanide and phenyl groups. A number of transition metal 
cyanide complexes such as Ni(CN)(Ph)(PR2)2 readily give 
arylcyanides by reacting with nucleophilic ligands including 
phosphines and diphosphines (135), phosphites and CO 
(133). These observations are compatible with the findings 
that in the catalytic hydrocyanation of olefins by phosphine 
and phosphite complexes of Ni(0) and Pd(0), the presence 
of ligand is in some cases necessary and in others 
increases the efficiency of the catalyst (136, 137). 
Lewis acids including organoboron compounds of the 
formula BRg and B^OR)^ (R - alkyl or aryl) and metal 
salts such as AlClg, ZnCl2, and SnClg have been used as 
promoters in the catalytic hydrocyanation of olefins by 
Ni(0) phosphine and phosphite complexes (138, 139). The 
role of the Lewis acids has not been adequately understood, 
although it is known that the presence of Lewis acid metal 
salts helps to speed up the catalytic rate and also 
increases the catalyst life-time. The amounts of 
promoters used have been varied widely, ranging from 
molar ratios of catalyst to promoter of 16:1: to 1:50 
(139). 
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The effect of ZnCl2 to Increase the extent of protonation 
of NiCPCOEt)^)^ to form HNiCPCOEt)^)^* has been shown by 
1 +2 
H nmr spectroscopy (140). One role of Zn may, therefore, 
be to complex cyanide ions. Taylor and Swift (136) 
have found an additional role of the Lewis acid wherein 
the ratio of terminal to internal nitrile products is, 
among other factors, dependent on the type of Lewis acid 
used. These authors proposed the following mechanism 
involving the Lewis acid cocatalyst: 
NiL^ + HCN + ZnClg ^ [HNiLgj+tZnClgCN]" + L (23) 
ZHNiLg^ + 2RCH-CH2 -+ RCH2CH2NiLg+ + 
R(CH2)CHNiL2+ (24) 
RCH2CH2NiL2+ + ZnCl2CN" ^  RCH2CH2CN + 
NiL] + ZnCl2 (25) 
R(CH3)CHNiL2+ 4- ZnCl2CN" ^  R(CH3)CHCN + 
NiLg + ZnCl2 (26) 
The deactivation of the catalyst intermediate is postulated 
to occur as follows: 
RCH2CH2NiL3+^ + HCN RCHgCH^ + L^NiCN^ (27) 
LgNiCN"*" + ZnClgCN" NiLg(CN)2 + ZnCl2 (28) 
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The role of the excess llgand is likely to be in maximizing 
the life-time of the catalyst by suppressing the reaction 
in Equation 27 according to the reaction in Equation 29. 
RCHgCHgNiLg'*' + L ^  RCHgCHgNiL^* (29) 
When homogeneous catalysts of Pd(0) and Ni(0) phosphite 
and phosphine conçlexes and Co2(C0)g are enq)loyed in 
the hydrocyanation of simple straight chain terminal 
olefins, both selective Markownikoff and anti-Markownikoff 
additions have been observed, although sometimes a mixture 
of products is formed. For instance Co2(C0)g selectively 
catalyzes the formation of isobutyronitrile in the hydro­
cyanation of propylene (141) whereas Pd(P(0Ph)3)^ yields a 
mixture of the terminal and internal nitriles with the 
former predominating (142) as shown in Equations 30 and 31. 
Co(CO)„ 
CH3CH-CH2 + HCN 5-CH3CH(CN)CH3 (30) 
Pd(P(0Ph)3), 
CH3CH-CH2 + HCIÎ ^ CH3CH2CH2CN (757.) 
+ 
CH3CH(CN)CH3 (257.) (31) 
The catalytic hydrocyanation of terminal alkenes (for 
instance 1-decene or 1-pentene) with Pd((+)-DIOP) (DIOP • 
2,3-0-isopropylidene-2,3-dihydroxy-l,4-bis(diphenylphosphino) 
butane yielded mainly the anti-Markownikoff addition product 
in 7:1 ratio (143). This regioselectivity in the 
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Pd((+)-DIOP) 
CH(CH2)j^CH-CH2 + HCN CHgCCHgXnCHgCHgCN 
+ 
CH3(CH2)J^CH(CN)CH3 (32) 
hydrocyanation of terminal olefins in homogeneous catalysis 
has also been observed in other instances (123, 144, 145). 
Isomerization of olefins very often occurs concurrently 
with hydrocyanation processes when transition metal complex 
catalysts are used (146). Thus, terminal olefins in many 
cases are isomerized to internal olefins. Because olefins 
with internal double bonds generally react sluggishly 
compared to terminal olefins (136), the chances of forming 
internal nitriles from such isomerization products are 
low because of their low reactivity. Thus, in an anti-
Markownikoff addition of HCN, terminal nitrile formation 
is heavily favored. 
In their work with the catalytic hydrocyanation of 
1-hexene using Ni(0) triaryl phosphite complexes, Taylor 
and Swift (136) observed that there is a correlation 
between the yield of the terminal nitrile (heptanenitrile) 
and the charge-to-size ratio of the metal ion employed 
as the cocatalyst. Thus, with increasing charge-to-
+2 +3 +3 
size ratio from Zn to Ti to A1 , a decrease is observed 
in the yield of the terminal nitrile. The charge-to-size 
ratio of the metal cation is expected to reflect the 
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Lewis acidity of the acceptor site and hence the degree 
of its interaction with the donor Ni(0) metal center. 
However, no mechanism that defines the role of the Lewis 
acid cocatalyst in regioselectivity has been established. 
Insertion of an olefin into a Ni-H bond to form a 
primary Ni-alkyl intermediate is expected to be a lower 
energy path compared to formation of a secondary Ni-
alkyl intermediate containing bulky ligands. This is 
expected to be especially so when the olefin is heavily 
substituted (142). Thus, steric factor favors the formation 
of terminal nitrile products. Hence, an increase is 
observed in the ratio of terminal to internal nitriles from 
1,5 for propylene to 19 for to 1-hexane and 99 for 2,3-
dimethyl-l-butene (144). 
Although nonasymmetric catalytic hydrocyanations 
have been widely investigated, reported attempts at 
asymmetric hydrocyanation have been very rare. Jackson 
and Elmes (143) recently reported the catalytic asymmetric 
hydrocyanation of norbomene using a Pd(0) complex of the 
chiral phosphine (+)-DIOP (2,3-o-isopropylidiene-2,^r' -
dihydroxy-1,4-bis(diphenylphosphino)butane) which they 
formulated as Pd( (+)-DIOP) . The exo-2-cyanonorbomane 
isomer is exclusively obtained with an optical induction 
of 28%. The catalytic hydrocyanation of norbomadiene by 
Pd((+)-DIOP) led to the hydrocyanation of only one double 
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bond producing 2-exo-cyano-norbom-5-ene in 40% yield and 
an optical yield of 177». 
Experimental 
Materials 
Hydrogen cyanide was freshly prepared by the reaction 
of NaCN and H2S0^ by a literature method (147), It was 
distilled under a nitrogen atmosphere, dried by passing 
through a drying tube packed with anhydrous CaCl2, condensed 
and kept at 0°C. The metal salt cocatalysts ZnCl2 and 
TiClg were taken from freshly opened bottles (chemical 
grade Alfa Inorganic) and handled under a nitrogen 
atmosphere. Aluminum chloride was sublimed under vacuum 
just before use and handled under nitrogen. Norbomene, 
1, 5-norbomadiene, 1-hexene, 1,5-cyclooctadiene and 
allylbenzene were degassed and purged with nitrogen. 
Cyclopentadiene was freshly distilled. Bicyclo[2-2-2]oct-
2-ene (Eastman Chemical Grade) was used as received. 
Preparation 
All NiL^ complexes used were prepared as described in 
Part I. 
HiL^(P(0Me)2) = (L = 7, 8) A mixture of 
Mi(P(OMe)2)^(5.55 ^, 10.0 mmole) and three equivalents 
of the phosphite L were stirred under nitrogen at 
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room temperature. It was determined from the P 
nmr spectra of the reaction mixture, that about 10% 
of the phosphite L had replaced PCOMe)^ on the metal 
after 12 hours. The flask was then equipped with a 
distillation head and, under reduced pressure (40 mm 
Hg), the reaction mixture was slowly heated to 70*C. The 
displaced PCOMe)^ was allowed to distill off as formed over 
three to four hours. The colorless oily product was 
cooled to room temperature and chromatographed through an 
alumina column using hexane/toluene (1/1) mixture. 
Fractions were collected and those that contained some 
31 dlsubstltuted complex (detected In the' P nmr spectra) 
were discarded and the fractions containing pure 
NlL3(P(OMe)2) were combined. The solvent was evaporated 
under vacuum to yield a colorless oil. The oil could 
not be crystallized from a variety of solvents (Including 
CHgClg, THF, CH3CN and CH3COCH3). The ^^P nmr 
spectra showed resonances at 6 165.3 ppm as a quartet for 
coordinated P(0Me)2 and at 6 150.5 ppm as a doublet In 
area ratios of about 1:3 consistent with the formula given. 
Catalysis procedure 
In a glove bag filled with nitrogen, 0.20 mmole of 
the NIL^ complex was added to a two-neck 50 ml round-
bottom flask equipped with a magnetic stirring bar and 
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a 14/20 ground glass joint. An equimolar amount of ZnCl2 
was added and the flask tightly stoppered with a septum. 
In 10.0 ml of toluene, a mixture of the desired amounts 
of the free ligand and the olefin were injected into the 
reaction flask with a syringe through the septum. The 
flask was then clamped in a constant temperature bath at 
45+0.2® over a submerged magnetic stirrer. The solution was 
stirred to reach equilibrium temperature (30 min). 
Nitrogen gas was dried by passage through a CaClg tube, 
and bubbled at a rate of 10.0 ml/min, through liquid HCN 
kept at 0*C. The gas mixture was passed through a drying 
tube containing CaClg and into the catalysis flask via a 
19 guage hypodermic needle that was inserted into the 
flask through a septum fitted in one neck. The end of the 
needle was beneath the surface of the reaction mixture 
solution so that the N2/HCN gas mixture was bubbled through 
the solution. The second neck of the flask was fitted with 
a reflux condenser cooled with running tap water. The top 
of the reflux condenser was fitted with a septum in which a 
needle was inserted as a gas outlet from the reaction 
flask. The excess gas was led through a container placed 
in an acetone/Dry Ice cold trap to retain organic condensibles 
and any unreacted HCN. The condensates were recovered 
after evaporization of the HCN at room temperature. 
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To determine the rate at which HCN was fed Into 
the reaction solution, dry nitrogen carrier gas was 
passed through liquid HCN (at 0*C) at a rate of 10.0 +0.2 
ml/mln. This rate was determined by timing the rise of a 
soap film through a 10.0 ml pipette. The Ng/HCN gas mixture 
was allowed to flow Into a standard solution of NaOH at 
5 to 10*C for one hour. The excess NaOH In the solution 
was back-titrated against a standard solution of HCl. An 
N2/HCN gas flow rate of 10.0 ml/mln corresponded to an 
HCN feed rate of 0.355 +0.005 g HCN/hr. 
In the experiments where relative rates were 
detemlned, samples were taken out at the end of every 
hour for the first four hours and then at the end of the 
experiment (10 hours). A 1,00 ml syringe with a needle 
was Inserted to draw out 0.10 ml of solution for Ir 
spectroscopic and gc analysis. The rates of loss of 
solvent, olefin and the nltrlle product were ignored as 
constant values in all the experiments since only relative 
rates of reaction were of Interest. The final yields were 
determined based on the combined contents of the reaction 
flask and the cold trap. Yields were calculated from ir 
spectral peak intensities of nltrlle stretching absorptions 
at 2240 to 2250 cm"^. Graphs of absorption vs. concentration 
were made for each nltrlle and used to determine the 
concentration of nltrlle formed in each reaction mixture. 
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Yields were also determined from gc peak areas. Fractions 
were collected separately as each comooimd came out of the 
gc column by freezing them at dry-Ice temperature and each 
nltrlle was Identified by ir and nmr spectroscopy. 
Infrared spectra were taken on a Beckman IR-18 grating 
ir spectrometer and gc separations were done using a 
Varlan Series 1700 Instrument with a thermal conductivity 
detector using a 10 ft by 1/4 in copper column packed with 
207o FFAP on Chromosorb W, Optical rotations were measured 
with a Perkin-Elmer 141 polarimeter with a Bausch and 
Lomb double grating monochromator using a 10 cm path cell. 
Results and Discussion 
Hydrocyanatlon of various olefins 
In all cases studied here the presence of Lewis 
acid cocatalyst was required for the catalytic hydro­
cyanatlon of olefins by NIL^ complexes. The presence 
of excess llgand was necessary for increased activity 
in the catalysis by the NIL^ complexes of the 4-methyl, 
4,6-dtmethyl and 4,4,6,6-tetramethyl phosphorinane 
systems whereas this was not necessary and in fact had a 
depressing effect on the activity of the complexes of 
the 5,5-dlmethyl phosphorinane system. This effect will 
be discussed in more detail later. 
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Table 17 shows the products and yields obtained by 
the catalytic hydrocyanation of allylbenzene, norbomene, 
norbornadlene, cyclopentadlene and cyclooctadlene by 
NiL^/ZnCl2 catalyst systems where L is, respectively, the 
5,5-dimethyl-, the 4-methyl- and the 4,6-dimethyl-l,3,2-
dioxaphosphorinanes with varying sizes of exocyclic 
phosphorus substituents. 
From the data in Table 17, it is seen that in the 
5,5-dimethyl-phosphorinane system, increasing the size 
of the exocyclic group from the methyl to ethyl or a larger 
group renders the NiL^ complex inactive as a catalyst in 
the hydrocyanation of olefins. This phenomenon was also 
observed in olefin isomerization catalysis. In the 4-methyl 
and 4,6-dimethyl phosphorinane systems, increasing the size 
of the exocyclic group from methyl to ethyl and to isopropyl 
groups slightly increases the activity of the NiL^ 
complexes as catalysts. However, the activity is decreased 
by the introduction of larger groups such as sec-butyl 
and t-butyl, menthyl and bomyl groups although the 
catalyses still proceed at moderate rates. Thus, as will 
be shown later, NiL^ complexes of these ligands with 
optically pure j,-menthyl and &-bomyl as the exocyclic 
groups can be used in the asymmetric hydrocyanation of 
norbomene. The 5,5^dimethyl phosphorinane system is 
different from the others in that there are no substituent 
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Table 17. Yields of nltrlles obtained by the catalytic 
hydrocyanatlon of olefins using NlL^/ZnCl2 
systems In toluene at 45"C (olefin:NlL^:ZnCl2 
100:1:1)* 
Olefin 
Catalytic 
cycles 
over 4 hrs 
(+2) 
7. Yields 
based on total 
hydrocyanated 
products 
/ ' 
OR 
R - Me(l) PhCHgCH-CHg 7.0' PhCHgCHgCHgCN 
(75)C 
PhCH2CH(CN)CH3 
(25)C 
^Ratios were chosen to obtain reasonable rates of 
catalysis. Excess ligand to complex ratios used were: 
0 for L • 1-8 and 40-45; 5 for L - lla-15a and 10 for 
L - 20a-26i.~ 
^The rest of this olefin was found at the end of the run 
to have isomerized to 1-phenylpropene as determined by 1h nmr. 
^Determined from gc, Ir and nmr spectroscopy. 
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Table 17. (Continued) 
L Olefin 
Catalytic 
cycles 
over 4 hrs 
(±2) 
7. Yields 
based on total 
hydrocyanated 
products 
14.0 exo-CyH^j^CN 
(>97)® 
=58*4 31.0 CgHyCN 
(70)®'® 
CgHg(CN)2 
(30)®'^ 
68.0 ôXo^CyH^CN 
(98) = 
^^5^6 (cyclopentadiene) , CyH^g (norbomene) , CyHg 
( norbomadiene) , ^ (11 S-cyclooccadiene). 
®The cotroosicion of isomers is noc known, since ic 
was noc possible Co resolve che isomers by gc. 
^Isomeric dinicriles are possible buc were noc 
separaced. 
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Table 17 . (Continued) 
Olefin 
C&calytic 
cycles 
over 4 hrs (+2) 
7. Yield 
based on total 
hydrocyanated 
products 
^8®12 35.0 
Et (3) 
i-Pr(4) 
aec-Bu(5) 
t-Bu(6) 
z-bomyl 
(7) 
z-menchyl 
( 8 )  
PhCH2CH^CH2 
=7*10^ 
CgHigCN 
(75)®'» 
^8®14^^^2 
(25)C'3 
^Isomeric nitrile products (i.e., 2-cyano and 3-cyano-
cyclooctenes) are possible but were not separated. 
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Table 17. (Continued) 
Catalytic 7. Yield 
cycles based on total 
over 4 hrs hydrocyanated 
L Olefin <+2) products 
OR 
R - Me(lia) PhChgCH-CHg 8 . 0 '  
C7H1O 
C5H6' 
CyHg 
17.0 
48.0 
72.0 
PhCHgCHgCN 
(75)® 
PhCH2CH(CN)CH3 
(25) 
exo-CyH^^CN 
(>95)C 
CgHyCN 
(75)2'* 
CsHg(CN)C'G 
(25) 
ÔXO^CyHgCN 
(70)C 
^7^10 ^ ^^2 
(30) c . f  
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Table 17. (Continued) 
Olefin 
Catalytic 
cycles 
over 4 hrs 
(+2) 
7, Yield 
based on total 
hydrocyanated 
products 
C8»12 
R - Et(12a) PhCHgCH-CHz 
C7H1O 
C5H6 
C7H8 
50 
11.0' 
2 1 . 0  
48.0 
75.0 
C^HigCN 
(73) c.e 
CgH^^(CN) 
(27) c,f 
PhCHgCHgCHgCN 
(75) = 
PhCH2CH(CN)CH3 
(25) = 
exo-CyH^^CN 
(100)= 
CgHyCN 
(75) c.e 
C5Hg(CN)2 
(25) c,f 
exo-CyHgCN 
(70) = 
C7Hio(CN) 
(30) c . f  
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Table 17. (Continued) 
Olefin 
Catalytic 
cycles 
over 4 hrs 
(+2) 
7, Yield 
based on total 
hydrocyanated 
products 
C8«12 
R - i-Pr(13a) C7H 7"10 
50.0 
2 6 . 0  
CgHiaCN 
(70) c,e 
^8^14^^^^ 2 
(30) 
i-CyH 
(100) 
c,f 
exo ^^CN 
c 
R - sec-Bu 
(14a) C7B1O 
R - t-Bu(15a) CyHio^ 
22.5 
22 .0  
cxo^CyH^^CN 
(100)° 
exo-CyH^^CN 
(100)° 
p-0 
I 
OR 
R - Me (20a) PhCHgCH-CHg 
C7H1O 
12.0' 
49.0 
PhCHgCHgCHgCN 
(88)° 
exo-CyH^^CN 
(100)° 
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Table 17. (Continued) 
Olefin 
Catalytic 
cycles 
over 4 hrs 
(+2) 
% Yield 
based on total 
hydrocyanated 
products 
C5H6 55.0 
C8«12 
R - Et(21a) C7H 7"10 
i.Pr(23a) 
t>Bu(24a) 
i-bornyl . 
(26a) 
80 
60 
53.0 
59.5 
53.0 
54.0 
CgHyCN 
(75)C 
CgHgfCN) 
(25)C 
eso-CyHgCN 
(78) = 
C7Hio(CN)2 
(22) 
C8H13CN 
(85) 
c,f 
c.e 
C8Hi4(CN)2 
(15) c.f 
exo-CyH^^CN 
(100)' 
L: 
(lOO)C 
-C7H1; 
(100)® 
exo-CyH^^CN 
exo-C^H^^CN 
exo-CyH^^CN 
(100)® 
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Table 17. (Continued) 
Olefin 
Catalytic 
cycles 
over 4 hrs 
(+2) 
% Yield 
based on total 
hydrocyanated 
products 
40 
C7H1O 
C7H8 
0 . 0  
0 . 0  
41 ^7%0^ 0 . 0  
0 . 0  
42 
C7H10 
67810^ 
0 . 0  
0 . 0  
43 
C7H1O 
C7H8* 
0 . 0  
0 . 0  
44 
C7B1O 
C7%8* 
0 . 0  
0 . 0  
45 
C7*10' 0 . 0  
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groups on Che 4- and 6-positions of the ring. The 5-
position being further removed from the metal center 
contributes little in the way of steric effects. Therefore, 
the greater catalytic activity of the complexes of the 4-
and the 4,6-substituted ring phosphites is probably due 
to greater steric influence of substituants at the 4- and 
6- positions. The same steric factors also apparently 
preserve the activities of these complexes even when the 
exocyclic group is large, whereas the 5,5-dimethyl system 
with large exocyclic groups is inactive. 
31 
P nmr spectra show a decrease in the rate of ligand 
exchange in benzene solutions of NiL^ acidified with F^CCOOH 
among monocyclic phosphites with the increased size of the 
exocyclic group as discussed in the chapter on olefin 
isomerization. This indicates that the ligand properties 
are enhanced by the introduction of such groups. Although 
significant protonation and ligand exchange is observed in 
the presence of the strong acid FgCCOOH in benzene, this 
is not the case with HCN which is a weak acid. Thus, no 
dissociated ligand or any coordination of PCOMe)^ were 
31 
observed in the p nmr spectra of equimolar toluene solu­
tions of the catalytically inactive complexes in Table 17 and 
P(OMe)g through which HCN was bubbled for 4 hours at 45'C. 
Thus, no ligand exchange with PCOMe)^ occurs under these 
31 
conditions. Small broadened peaks (6 F 163-164 ppm) due 
175 
31 
to coordinated PCOMe)^ were observed in the P nmr spectra 
of solutions containing the catalytically active NiL^ 
species in Table 17 under the same conditions. 
The weak acidity of HCN was undoubtedly responsible 
for the undetectabllity of HNIL^"^ or HNlLg^ species in 
the solutions of the catalytically Inactive complexes. 
However, some protonation is likely to have occurred at 
least in the catalytically active NIL^ complexes, since 
protonation is essential for llgand dissociation and ligand 
substitution by PCOMe)^. Again, the decreased activity, 
as hydrocyanation catalysts, of NiL^ complexes of monocyclic 
phosphites with a large exocycllc phosphorus substituent is 
seen to be due to the lack of ligand dissociation. However, 
it is also known (133) that a bulky ligand such as PCc-hex)^ 
retards the reductive cleavage of nitriles from alkyl metal 
cyanides apparently by sterically impeding interaction of 
the cyanide and alkyl groups on the metal. 
It is seen in Table 17 that the hydrocyanation of 
allylbenzene predominantly yields the terminal nitrile 
4-phenylbutanenltrlle. The selectivity of NiL^/ZnCl2 
catalytic systems to yield terminal nitriles has been 
noted earlier (136). Extensive isomerlzatlon has been 
observed (136) during the hydrocyanation of 1-hexane by 
AICI^/NIL^ catalyst systems, thus leading to a higher 
yield of the branched nitrile than in the catalysis by 
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ZnCl2/NlL^ systems where isomerization is less extensive. 
It is also seen in the catalytic isomerization section 
in this work, that AlClg/NiL^, indeed forms a far more 
efficient isomerization catalyst than ZnCl2/NiL^. This is 
also consistent with our observation that AlClg is a poor 
cocatalyst for the hydrocyanation of allylbenzene, since 
it enhances isomerization of the terminal olefin to internal 
olefins which are hydrocyanated much more slowly than 
terminal olefins (Table 17). Attempts to hydrocyanate 
allylbenzene with NiL^/AlCl^ (Table 17) gave no products 
because of fast and total isomerization to the more stable 
conjugated system, 1-phenylpropene. In the case of NiL^/ZnCl2 
some nitrile was obtained although in low yield. The 
isomerization product, 1-phenylpropene is not hydro­
cyanated at any significant rate since the progress in 
hydrocyanation catalysis was stopped when isomerization 
converted all the allylbenzene to 1-phenylpropene. 
The hydrocyanation of norbornene produces the exo-2-
cyano-norbornane and less than 5% of the endo isomer 
(Table 17). In all cases where catalysis occurred, the 
exo isomer was obtained almost exclusively irrespective 
of the phosphite ester L in NiL^. The origin of this 
selectivity is not understood, although it is a common 
observation in the hydrocyanation of norbornene by 
homogeneous catalysts (146). 
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The catalytic hydrocyanation of the chelating dienes, 
cyclopentadiene, norbomadiene and cyclooctadiene proceed 
stepwise, since a mixture of both mono- and dinitriles 
are obtained. The competition for coordination on the 
metal is expected to favor the displacement of the monoolefin 
by a new chelating diene molecule after the hydrocyanation 
of one of the double bonds. Indeed, the dienes are 
hydrocyanated by NiL^/ZnCl2 much faster than the monoolefins 
in general. 
As discussed in Part II, the NiL^ complexes of the 
bicyclic phosphites ^  and ^  are protonated only to a 
very small extent by the strong acid F^CCOOH. This is a 
reflection of the low basicity of the bicyclic phosphites. 
Therefore, protonation by the weaker acid HCN and hence, 
its oxidative addition to the complexes of these phosphites 
is expected to be negligible if protonation is the first 
step. Moreover, oxidative addition is apparently more 
difficult with less basic metal complexes. The failure 
of these complexes to act as hydrocyanation catalysts is 
thus not surprising. Although the five-membered cyclic 
phosphite ^  is known to be more basic than the bicyclic 
phosphites (148), it is also less basic than the six-
membered monocyclic phosphites and its NiL^ complex is 
catalytically inactive. The complex of ^  also is 
catalytically inactive for the same reason. The complexes 
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of the six-inembered phosphites in which a-(methoxy-
carbonyl)benzyl is the exocyclic phosphorus substituent 
also were found to be catalytically inactive for 
hydrocyanation. As discussed earlier, the presence 
of a methylcarboxylate group on a six-membered monocyclic 
phosphite effectively decreases the basicity of the NiL^ 
complex such that it is not protonated by FgCCOOH. The 
inactivity of the complexes of 9, 2^, and 39^ is due 
to the effect of the methylcarboxylate group. 
Relative rates of hydrocyanations as a function of excess 
ligand to NiL^ ratio 
Unlike catalytic isomerization of 3-butenenitrile by 
NiL^/F^CCOOH systems, where the presence of excess ligand 
invariably decreases the catalytic rates, catalytic hydro­
cyanation using NiL^ complexes of all the monocyclic 
phosphites except 1 (Table 18) is enhanced by the presence 
of excess ligand. Both the rates of hydrocyanation and 
the overall yields are increased in the cases of the 
complexes of phosphites 11a, 33, 28a, PCOMe)^, and P(OEt)g. 
The complexes of the different phosphites show different 
maximum rates at their particular optimum excess ligand 
to complex ratios as shown in Table 18 and in the graph 
in Figure 7. The optimum ratios range from 3 for 
NiCPCOEt)^)^ to 18 for Ni(20a)The presence of excess 
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Tabl# 18. Ralaclv» rates of hydrocyanatlon of norbomene 
using NiI.4/ZnCl2 (1:1) and various excess 
ligand to NiL^ ratios 
1 
OMe 
** 
1 
OMe 
1 lia 
1 
OM# OMe 
20a 33 
Moles* 
NiL4 
xlO^ 
Moles 
excess Molar 
Moles 
nitrlle 
formed 
(4 hrs) 
Turnover 
number 
(±0.5) 
NiL^ 
L 
xlO^ 
ratio 
L/NtL4 xlO^ (±0.5) 4 hrs 10 hrs 
Ni(1)4 2.1 0 .0 0, 0 29.0 13.9 20. 1 
Ni(lia)4 2.1 0 .0 0, 0 8.2 3.9 4. 5 
Ni(33)4 2.1 0 .0 0, ,0 3.0 1.4 2. 0 
Ni(20a)4 2.1 0 .0 0. ,0 2.3 1.1 1. 5 
Ni(P(0Me)3) 4 2.1 n .0 0, 0 15.8 7.9 14. 1 
Ni(P(0Ec)3) 4 2.1 0 .0 0, ,0 20.6 10.3 17. 7 
Ni(1)4 3.0 9 .0 3. ,0 32.3 10.1 19. 6 
*Moles olefin used/moles NiL4 100. 
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Table 18. (Continued) 
Moles* 
NiL4 
xlO^ 
Moles 
excess Molar 
Moles 
nitrile 
formed 
(4 hrs) 
Turnover 
number 
(+0.5) 
NiL^ 
L 
xlO^ 
ratio 
L/NiL4 xlO^ (±0.5) 4 hrs 10 hri 
Ni (lia)/, 3.0 9.0 3.0 22.7 7.6 13.5 
Ni (33)4 3.0 9.0 3.0 16.5 5.5 10.2 
Ni (20a)/, 3.0 9.0 3.0 12.6 4.2 7.3 
Ni(P(0Me)3)4 3.0 9.0 3.0 59.8 19.9 13.3 
Ni(P(OEt)3)4 3.0 9.0 3.0 45.6 21.7 26.7 
Ni(1)4 2.1 8.4 4.0 13.9 6.6 18.8 
Ni (lia)/. 2.1 8.4 4,0 16.7 7.9 23.2 
Ni (33)4 2.1 8.4 4.0 16.7 8.0 18.0 
Ni (20a)/, 2.1 8.4 4.0 10.2 4.9 15.6 
Ni(P(OMe)3)4 2.1 8.4 4.0 62.3 29.7 43.3 
Ni(P(0Et)3)4 2.1 8.4 4.0 32.3 15.4 23.6 
Ni (1)4 2.1 14.7 7.0 8.3 3.9 4.8 
Ni (lia)/, 2.1 14.7 7.0 77.9 37.1 51.9 
Ni(33)4 2.1 14.7 7.0 44.6 22.1 31.0 
Ni(20a)4 2.1 14.7 7.0 31.8 15.1 22.6 
Ni(P(OMe)3)4 2.1 14.7 7.0 60.6 28.8 36.6 
NiOP(OEt)3)4 2.1 14.7 7.0 10.6 5.02 9.8 
Ni(1)4 2.1 25.2 12.0 4.3 2.05 3.3 
Ni(lia)4 2.1 25.2 12.0 104.3 49.5 60.3 
181 
Table 18. (Continued) 
Nil, 
Moles 
NiL^ 
xlO^ 
Moles 
excess Molar 
L 
,4 
xlO 
ratio 
4 
xlO 
Moles 
nitrile 
formed 
(4 hrs) 
xlO^ 
(+0.5) 
Turnover 
number 
(±0.5) 
4 hrs 10 hrs 
Ni(33)4 2.1 25.2 12.0 104.3 49.5 60.3 
Ni(20a)4 2.1 25.2 12.0 103.0 49.1 60.3 
Ni(P(0Me)3)4 2.1 25.2 12.0 40.6 19.3 30.5 
Ni(P(OEt)3)4 2.1 25.2 12.0 6.6 3.2 5.2 
Ni(1)4 2.1 31.5 15.0 0.0 0.0 0.0 
Ni (lia)/, 2.1 31.5 15.0 90.5 43.1 66.2 
Ni(33)4 2.1 31.5 15.0 142.0 68.0 88.0 
Ni (20a)/, 2.1 31.5 15.0 126.5 60.2 88.7 
Ni(P(0Me)3)4 2.1 31.5 15.0 22.3 15.2 23.8 
Ni(P(0Et)3)4 2.1 31.5 15.0 2.3 1.1 3.0 
Ni (1)4 2.1 37.8 18.0 0.0 0.0 0.0 
Ni(lia)4 2.1 37.8 18.0 73.2 35.0 47.0 
Ni (33)4 2.1 37.8 18.0 124.0 60.0 75.9 
Ni(20a)4 2.1 37.8 18.0 165.0 78.6 88.0 
Ni(P(0Me)3)4 2.1 37.8 18.0 8.6 4.09 8.6 
Ni(P(0Et)3)4 2.1 37.8 18.0 0.0 0.0 0.0 
Ni(lia)4 2.1 46.2 22.0 54.0 25.0 39.6 
Ni(33)4 2.1 46.2 22.0 105.6 51.4 64.6 
Ni (20a)/, 2.1 46.2 22.0 160.0 76.2 87.0 
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Table 18. (Continued) 
Molea-
nitrile Turnover 
Moles formed number 
excess Molar (4 hrs) (+0.5) 
L ratio = 
xlO^ xlO^ xlO^ (+0.5) 4 hrs 10 hrs 
Ni(lla)^ 2.1 50.4 
Ni(33)4 2.1 50.4 
Ni (20a)/, 2.1 50.4 
24.0 40.0 19.0 34.8 
24.0 97.0 46.2 58.6 
24.0 152.0 72.0 80.6 
Figure 7. Effect of excess ligand on rates of catalytic hydrocyanatlon of 
norbornene by NiL^/ZnClg (1/1) system in toluene at 45°C, 1 atm 
pressure 
Moles Nitrile formed/mole NiL^/4 hours 
ï 
3 
m 
/ 
^78T 
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ligand depresses the rate and yield of hydrocyanation by 
Ni(l)^. Both the rates of hydrocyanation and total yield 
increase with increasing optimum excess ligand to comolex 
ratio for the various phosphites in the order 1 < PCOEt)^ 
< P(OMe)g < < 33 < 20a. 
From studies of ligand exchange equilibria among 
phosphorus ligands in NiL^ complexes, Tolman (149, 150) 
has concluded that steric effects are more important than 
electronic effects in determining the exchange equilibria. 
Thus, in spite of the large difference in basicity between 
PCOMe)^ and P(OEt)g on the one hand and the bicyclic 
phosphite P(OCH2)3CCH2 on the other, these ligands compete 
about equally under ligand exchange conditions, for 
coordination sites on metal centers. Phosphine complexes 
in general dissociate much faster even in cases where the 
constant of dissociation for a phosphine and phosphite 
complexes are comparable (151). Overall, complexes of 
phosphites show little dissociation except when bulky 
ligands such as P(0-o-tolyl)^ are involved in which cases 
comparatively slow but extensive dissociations occur. 
Therefore, among phosphites ligand bulk is the predominant 
factor in dissociation equilibria of NiL^ complexes. 
For instance, the first constant of dissociation for 
L = P(0-o-tolyl)2 is 8 orders of magnitude higher than 
that for L = P(0-p-tolyl)^ (51). Thus, the higher 
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constant of dissociation is directly related to the higher 
cone angle of the PCO-o-tolyl)^ ligand. The bulkier ligands 
(4-Me, 4,6-dimethyl and 4,4,6,6-tetramethyl phosohorinanes) 
are expected to form complexes with higher constants of 
dissociation than the complexes of 5,5-dimethyl phosphorinane 
systems, which is in parallel with our observation,that 
these complexes also form the more active catalytsts. From 
this parallel, it seems apparent that the steric effects 
which favor dissociation among NiL^, also favor dissociation 
in HNiL^ species. 
The catalytic species in the hydrocyanation of olefins 
by NiL^ complexes are known to be HNiL^CN (n « 2 or 3) 
intermediates (152). The formation of such intermediates 
31 1 has been shown using P and H nmr and ir spectroscopy. 
The ir spectra of the catalytic mixtures show two bands 
in the region 2090 to 2160 cm"^ in varying ratios. The 
higher frequency peak has been assigned to HNiL2CN and 
the lower frequency to HNiLgCN (152). The catalysis 
mixture turns yellow-red 15 to 30 minutes after bubbling 
in HCN due to the formation of these four- and five-
coordinate hydrocyano complexes. Since the formation 
of both intermediates involves ligand dissociation from 
NiL^, and since ligand dissociation is much faster from 
HNiL^ than from NiL^, protonation of NiL^ most probably 
precedes cyanide addition. The dissociation of HCN is 
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+2 
aided by the presence of Zn ion (153). After protonation 
and ligand dissociation, CN~ can add to the cationic 
hydrido complex. 
HCN + Zn"*"^ ZnaH"*" + H"*" (33) 
NiL^ + H"^ =: HNiL^ (34) 
HNiLj = HNiLg + L (35) 
HNiLj = HNiLg + L (36) 
HNiLg + HCN HNiLjCN + H"*" (37) 
HNiLj + HCN HNiLgCN + H"*" (38) 
The presence of excess ligand is made necessary because of 
the equilibrium shown in Equation 21 or still further dis­
sociation of ligands which could lead to complexation 
of a second cyanide ion on the metal and/or oxidation of 
Ni(0) to Ni+2 (Equation 39) (154). 
HNiLgCN + HCN NiL2(CN)2 + Hg (39) 
In the ir spectra of the catalytic reaction mixtures, 
three peaks are consistently observed (2250 cm'^ due to 
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the nitrile product, 2160 cm"^ due to HNIL^CN and 2068 
cm"^ due to excess HCN). In runs where little or no 
excess ligand has been added, a small peak is also seen at 
2060 cm"^. This peak increases in size up to three hours 
and then decreases and later disappears (Figures 8a, b, c). 
It does not appear in runs with a large excess of ligand 
added (Figures 9a, b) and is more prominent in the runs with 
the complexes of 11a, 33, and 20a than in runs with the 
complex of 1. The former three complexes give no significant 
yield of nitrile in the first three to four hours in the 
absence of excess ligand and they dissociate more readily 
than the NiL^ complex of This suggests that the peak 
at 2060 cm~^ is due to a catalytically inactive species, 
possibly an extensively dissociated nickel complex such 
as [NiL2(CN)]2 which contains bridging cyanide (155). 
Figure 9 shows that the peak at 2060 cm"^ is prominent 
where no excess ligand has been added and these conditions 
lead to a decreased yield of nitrile. 
With the disappearance of the peak at 2060 cm~^, a 
new peak appears at 2160 cm~^ that grows in size along 
with the peak due to the product nitrile (Figure 8). 
At the end of 10 hrs (Figure 8c) the hydrocyanation yield 
is increased with an accompanying increase in the 2160 
cm ^ peak size. Although the yield of nitrile in the hydro­
cyanation by Ni(lla)^ without excess ligand is practically 
Figure 8. IR spectra (in the region 2000 to 2400 cm"^) of the reaction mixture 
of the catalytic hydrocyanation of norbornene with NiL^ without added 
excess ligand (L = 1) a. after 3 hrs; b. after 4 hrs; c. after 10 hrs. 
The peaks labelled with letters are identified as follows: d. CyH^^CN; 
e. HCN; f and g most likely are [Ni(CN)2L2l2 and HNiL^CCN)(olefin), 
respectively (see discussion) 
"A 
- 1  
y 
-1 
J 
VO 
O 
2400 cm" 2000 cm" 2400 cm" 2000 cm" 2400 cm 2000 cm 
Figure 9. IR spectra (in the region 2000 to 2400 ctn"^) of the reaction mixture 
of the catalytic hydrocyanation of norbomene with NIL^ (L - 11a) at 
3 hrs: a. without added ligand. b, with 7 equivalents added ligand 
(peaks labelled with letters are Identified as described in Figure 8) 
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cm 
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zero up to three hours, from 4 to 10 hours, ir spectra 
show the formation of nitriles. This is probably a 
result of the availability of excess ligand after 3 
hours as a result of dissociation of NiL^ and complexation 
of some of the Ni by cyanide ions. This is reasonable since 
part of the function of the excess ligand is to compete 
for a site on the metal center in the process of which it 
facilitates the transfer of cyanide group from the metal 
to the olefin (Scheme IV). 
Scheme IV. The role of excess ligand in catalytic hydro-
cyanation of olefins by NiL^ Comdexes 
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This is borne out in the ir spectra of runs with 
high (12 molar) excess ligand and Ni (11a). In such runs 
only two peaks due to the nitrile product and HCN are 
observed (Figure 10), since in the presence of a large 
excess of ligand the concentration of HNiL^CN(olefin) 
complexes cannot build up. Consistent with this, the 
presence of ligand in excess of the optimum ligand to 
complex ratio makes the formation of HNiL^CN(olefin) 
difficult and hence, slowing the rate of hydrocyanation. 
Since the bulkier ligands 20a and 11a in NiL^ 
dissociate more extensively, and also show faster ligand 
exchange as shown earlier, the optimum ligand to NiL^ 
ratio required in catalytic hydrocyanations is, for such 
complexes, higher in order to avoid overextensive ligand 
dissociation. That the hydrocyanation rate increases with 
increasing optimum ligand to complex ratio for the better 
catalysts is consistent with the notion that the presence 
of higher concentration of excess ligand is necessary for 
efficient catalysis by the more extensively dissociated 
NiL^ complexes. The reversal of the relative rates of 
hydrocyanation by Ni(33)^ and Ni(20a)/. that would have 
been expected on the basis of the greater bulk of the 
phosphite seems anomalous. However, the explanation 
could be that ligand ^  is sufficiently bulky that it may 
retard the coordination of the olefin at the metal center 
Figure 10. IR spectra (in the region 2000 to 2400 cm'^) 
of the catalytic mixture in the hydrocyanation 
of norbornene with NiL^ at 4 hrs (L - 11a); 
a. with 3 equivalents added ligand, b. with 
large excess (12 equivalents) added ligand 
both at 4 hrs after start of catalysis (peaks 
labelled with letters are identified as 
described in Figure 8) 
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after ligand dissociation, or it may retard reductive 
cleavage as argued earlier for other bulky ligands. 
Although steric factors are predominant in the 
dissociation of NiL^ complexes of phosphites, electronic 
factors may be important since it is seen that among 
monocyclic phosphites which are configurationally isomeric 
at phosphorus, the complex of the phosphite with an axial 
lone pair (the thermodynamically less stable isomer) 
catalyzes less efficiently at the outset of the catalytic 
runs (Table 19). Because the unstable form isomerizes 
to the stable form in acidic media, however, the difference 
diminishes after a few minutes. It is significant that 
the complex of the more basic isomer shows less activity 
contrary to the expectation that oxidative addition of HCN 
is easier when the phosphite and hence the metal center is 
more basic. This effect may arise from one of two situations, 
a. the difference in configuration makes Ni (lib)dissociate 
less readily than Ni (11a)in spite of the expected greater 
degree of protonation; b. HNi(llb)^ dissociates too 
extensively and gets destroyed by the acid. If situation 
b is true, the optimum ligand to complex ratio for catalysis 
by Ni (lib)should be higher than the optimum for catalysis by 
Ni(11a). But since any added free lib isomerizes to 11a 
in an acidic medium, it is not possible to determine this 
ratio for catalysis by HNi(llb)^\ 
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Table 19. Effect of isomerism at phosphorus of the mono­
cyclic phosphite ester ligands (L) on the 
catalytic property of NiL^/ZnCl2 for the hydro-
cyanation of norbomene at 45°C in toluene 
(olefin:NiL^:ZnCl2:L - 100:1:1:5) 
I 
OR 
(xlO^) (+2) 
(+2) 
4 hrs lU hrs 
17.0 28.0 
15.2 24.4 
21.0 39.0 
18.6 37.0 
. 22.5 40.0 
19.3 39.0 
1. R - Media) 35.7 
2. R - Me (lib) 32.0 
3. R - Et(12a) 46.4 
4. R - Et(12b) 42.5 
5. R - i-Pr(13a) 45.4 
6. R - sec-Bu(13b) 40.5 
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Of the three metal salt cocatalysts used in these 
experiments ZnCl2 is by far the most efficient one in 
every case (Table 20). The other two, AlClg and TiClg, 
are about equally good, but they are poorer cocatalysts. 
In the catalytic isomerization of 3-butenenitrile, AICI3 
was found to be the most efficient cocatalyst, in 
contrast to its poor activity in hydrocyanation, and TiClg 
is a poor cocatalyst for both reactions. 
Effect of ZnCl2:NiL^ ratio on rate of catalytic hydrocyana­
tion of norbomene 
A series of hydrocyanation reactions were run at 
45°C with varying molar ratios of ZnCl2 to NiL^ (L » ^  
and L - 11a) ranging from 0 to 2. Excess ligand (5 
equivalents) was added in the runs with Ni(11a)/,. For 
both complexes a rise in the rates of hydrocyanation 
occurs with an increase in the ZnClgzNiL^ ratio from zero 
to one (Table 21). The rise is faster in the case of 
Ni(lla)/, than in Ni(l)^. Figure 11 shows a plot of the 
yields of hydrocyanation of norbomene as a function of 
this ratio. This observation suggests that a 1:1 complex 
may be formed between ZnCl2 and NiL^ that either catalyzes 
or is a precursor to a catalytic species. 
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Table 20. Comparison of ZnCl2, AlClg and TiClg as 
cocatalysts in the hydrocyanation of norbomene 
with NiL^ at 45°C in toluene (olefin;NiL^; co-
catalyst » 100:1:1) 
Catalytic 
cycles/ Yields (based on 
T 4 hrs total hydrocyana-
4 Olefin Cocatalyst <+2) tion product) 
1 0 C7H10* ZnCl2 
AICI3 
TiClg 
14.0 
5.0 
5.0 
exo-2-cyano-
norbomane 
(100%)b 
PhCH2CH-CH2 ZnClg 
AICI3 
TiCl] 
7.0 
0.0^ 
0.0^ 
PhCH2CH2CH2CN 
(657.) 
PhCH2CH(CN)CH3 
(357.) 
11a 5 C7H1O* ZnClg 
AICI3 
TICI3 
17.0 
9.6 
7.5 
exo-2-cyano-
norbornane 
(1007.) b 
PhCHaCH-CHa ZnClg 
AICI3 
TICI3 
8.0 
o.oi 
o.oi 
PhCHgCHgCHgCN 
(67%)d 
PhCH-,OT(CN)CH-
Is norbomene. 
^Determined by go. 
^Olefin totally isonerized at the end of the run. 
determined from ir and mnr spectral peak integration. 
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Table 21. Effect of ZnCl2:NiL^ ratio on the yield of 
catalytic hydrocyanation of norbomene 
Catalytic Catalytic 
Ratio cycles Ratio cycles 
ZnCl« (4 hrs) ZnCln (4 hrs) 
L NiL^^ (+1.0) L NiL^^ (+1.0) 
11a 0.00 1.2 1 0.00 3.0 
0.10 7.0 0.10 3.5 
0.25 10.0 0.25 5.5 
0.50 14.7 0.50 9.0 
0.75 16.5 0.75 12.4 
1.00 17.0 1.00 13.5 
1.50 17.0 1.50 13.5 
2.00 17.0 2.00 13.5 
Figure 11. Effect of ZnCl2/NiL^ molar ratio on the rate of the catalytic 
hydrocyanation of norbomene in toluene at 45°C; a. L - 11a; 
b. L = 1 
20 
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204 
Asymmetric hydrocyanation of norbomene and bicyclo-
[2.2.2]octene using chiral NiL^ complexes 
Although NiL^ complexes of the chiral phosphites 
4-methyl- and 4,6-dimethyl phosphorinane systems with 
2-methyl or i-bornyl exocyclic groups are less efficient 
than those with less bulky exocyclic groups, they do show 
a reasonable rate of catalysis in the hydrocyanation of 
norbornene and bicyclo[2,2.2]octene at 45°C in toluene. 
The yields of nitriles obtained are shown in Tables 22 
and 23. The hydrocyanation of norbornene gave exclusively 
exo-2-cyanonorbomane with the endo isomer estimated at 
less than 3% yield (by gc) (156). The nmr spectrum in 
CDClg with the chiral shift reagent (Eu^hfc)]) in 1:1 
ratio turned out to be too complex and could not be used 
13 to determine optical yields. However, C nmr spectra 
in CDClg with Eu^hfc)^ chiral shift reagent in 1:1 molar 
13 
ratio, showed the separation of the C peaks of 2-cyano-
norbornane into two sets with clear resolution. Typical 
13 C nmr spectra of the product obtained with and without 
the above chiral shift reagent are shown in Figures 12a 
and b. Optical yields calculated from the difference 
in the intensities of the two sets of peaks are shown 
in Table 22. The product nitriles obtained all showed 
negative rotations in CCl^ and optical yield values calculated 
from the observed rotations and the optical yield 
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Table 22. Results of the asymmetric catalytic hydrocyanation 
of norbornene by chiral NiL^ complexes and ZnClg 
(olefin:NiL^:ZnCl2:L - 100:1:1:1) in toluene at 
45°C/1 atm over 4 hrs 
Moles 
Nitrile 
Moles 
NiL^ 
xlO^ 
Vol. of 
toluene 
(ml) 
formed/ 
4 hrs 
xlO^ 
(+3) 
Turnover 
number/ 
4 hrs 
(+0.5) 
% 
Optical 
Yield 
(+3) 
R = %-menthyl(17a) 4.4 10.0 41.0 9.7 34.0 
R = &-bomvl(16a) 3.0 10.0 28.0 9.0 37.0 
R' = %-menthyl(27a) 3.5 10.0 35.0 10.0 31.0 
R' = u-menthyl(28a) 3.5 10.0 42.0 10.0 35.0 
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Table 23. Results of the asymmetric hydrocyanation of 
bicyclo[2.2.2]octene by chiral NiL^ complexes 
and ZnCl2 (Olefin:NiL^:ZnCl2:L - 100:1:1:1) 
in toluene at 45°C/1 atm over 4 hrs 
Moles 
Nitrile 
Moles Turnover 7. 
NiL, Vol. of , number/ Optical 
A toluene %10 4 hrs Yield 
%10* (ml) (+3) (+0.5) (+3) 
R - &-menthyl (17a) 4.4 10.0 25 5, 8 46 
R - & -bomyl (16a) 4.4 10.0 23 5, 7 48 
R' - &-menthyl (27a) 4.4 10.0 34 7. 8 44 
R' - i -bomyl (26a) 4.4 10.0 36 8. ,1 46 
1 3 
Figure 12a. C ntnr spectrum, in CDClg, of exo-2-cyanonorbornane obtained by the 
asymmetric catalytic hydrocyanation of norbornene using Ni(26a). 
The peaks are assigned as indicated below (Reference 157) 
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Figure 12b. C nmr spectrum, in CDClg, of exo-2-cyanonoborbomane (Figure 12a) 
after addition of the chiral shift reagent EuChfc)^ in 1:1 molar ratio. 
The peaks are identified as indicated below (Reference 157). Letters 
with primes indicate the enantiomeric nitrile 
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calculated from C nmr spectral peak intensities were 
in agreement within an average of 37» (for optically pure 
(-)-exo-2-cyanonorbomane[a ]p^-l2. l(CCl^) (158) . 
The optical yield in the asymmetric hydrocyanation 
13 
of bicyclo[2.2.2]octene was determined from the C nmr 
snectra with Eu.(III) tris-1,1,1, 2,2, 3, 3-heptafluoro-7 , 7-
dimethyl-4,5-octanedione (Eu^fod)^) as the chiral shift 
13 
reagent as shown in Table 23. Typical C nmr spectra 
with and without Eu chiral shift reagent are shown in 
Figures 13a and b. 
Catalytic asymmetric hydrocyanation of norbomene and 
bicyclo(2.2.2)octene by chiral mixed ligand Ni(0) complexes 
The NiL^ complexes of the 5,5-dimethyl-l,3,2-
dioxaphosphorinane system with large exocyclic nhosnhorus 
substituents are inactive as catalysts in the hydrocyanation 
of olefins. However, replacing one of the four ligands 
on the metal with P(0Me)2 imoroved the catalytic activity. 
Since, as discussed earlier, both the extent and rates 
of ligand dissociation in the NiL^ complexes of the 5,5-
disubstituted cyclic phosphite ligands are smaller than 
the extents and rates of ligand dissociation in the 
catalytically active complexes including Ni(P(OMe)2)4, 
it is likely that the catalytic activity of the above 
NiL3P(OMe)2 is due to the dissociation of P(0Me)2. The 
13 
Figure 13. C nmr spectrum, in CDClg, of 2-cyano-bicyclo[2,2.2]octane which 
was obtained by the asymmetric catalytic hydrocyanation of 
bicyclo[2.2.2]octene using Ni(26a)(a) without chiral shift 
reagent and (b) with the chiral shift reagent EuCfod)^ added 
in 1:1 molar ratio. The peaks are assigned as shown below; 
g 
h CN 
f 
Letters with primes indicate the peaks due to the enantiomeric product 
(The peak due to the nitrile carbon not shown here, appears at & 137,5 
ppm as a small single peak in both cases) 
(a) 
V, 
c 
CDCl, 
6 (ppm) 10.9 
(b) 
CDCl ,3 
JLL 
7 7 , 0  
vjnW* 
(S (ppm) 
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Table 24. nmr spectral data for NiLgCPCOMe)]) 
5 SlpCCHgClg) 
P(L) doublet P(OMe)^quartet "^PP (Hz) 
I 
OR 
R - z-menthyl 148.5 
i-bomyl 149.8 
sec-Bu 149.0 
i-Pr 150.2 
164.6 13.5 
164.5 14.0 
163.9 14.6 
163.9 14.6 
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Table 25. Catalytic asymmetric hydrocyanation of norbornene and 
blcyclo[2.2.2]octene by NlLg(P(0Me)g/ZnCl2 system In 
toluene at 45®C® 
I 
OR 
Moles^ 
Moles Turnover , 
NiL-(P(OMe)_ number/ Optical 
I ^ Vol. of 4 4 hrs yield 
Olefin xlO Toluene xlO* (+2) (+2) (+3) 
H-menthyl C7H10' 2.0 10.0 24.0 12.0 26.0 
CsHlz" 2.0 10.0 23.0 11.5 32.0 
&-bornyl S»io' 2.0 10.0 18.0 9.0 34.0 
CsHlz" 2.0 10.0 19.6 9.8 37.0 
[NlL^CPCOMe)^]:ZnCl2:[PCOMe)^]:[olefin] » 1:1:1:50. 
^The nitrlle from the hydrocyanation of norbornene was 100% exo-
2-cyanonorbornane. 
(norbornane), CgH^g (bicyclo[2.2.2]octene). 
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P nmr spectral data of these complexes which were made 
by the replacement of three molecules of PCOMe)^ from 
NifPCONe)^]^, are shown in Table 24. Asymmetric hydrocyana-
tion of norbomene and bicyclo[2.2.2Joctene using these 
complexes in the presence of 1 equivalent of PCOMe)^ 
yielded products with some optical induction as shown 
in Table 25. 
Since hydrocyanation of norbomene leads exclusively 
to exo-2-cyanonorbomane, the asymmetry induction constitutes 
a regioselective addition of HCN. The regioselective 
addition of H and hence CN, to one or the other of the 
two carbons of the double bond leads to one enantiomer or 
the other of the nitrile products. In the hydrocyanation of 
bicyclo[2.2.2]octene, however, there are no distinguishable 
exo and endo isomers and the source of asymmetric catalysis 
could be regioselectivity or stereoselectivity. 
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CATALYTIC HYDROGENATION OF OLEFINS 
Introduction 
Catalytic hydrogénation of olefins is one of the most 
widely studied fields of catalysis. Industrially, 
heterogeneous catalysis is more widely used than 
homogeneous catalysis for the hydrogénation of olefins 
because of the greater activity and convenience. However, 
homogeneous catalysts are superior to heterogeneous 
catalysts in their selectivity. Also, the mobility 
of homogeneous catalysts as opposed to the fixed sites 
of heterogeneous catalysts renders homogeneous catalysts 
useful in the hydrogénation of polymeric olefins (159). 
Wilkinson's catalyst (Rh(PPh2)3Cl (160), the prototype 
of homogeneous hydrogénation catalysts, catalyzes the 
hydrogénation of the C-C bonds of terminal olefins with 
high efficiency at room temperature and atmospheric nressure 
(161) and does so selectively in the presence of other 
reducible functional groups such as -CHO and also in the 
presence of internal double bonds. Several other transi­
tion metal complexes are also known to catalyze the 
hydrogénation of olefins. These include the H2PtClg-SnCl2, 
2H2O systems (162) which forms species such as 
Pt(SnCl3)5"^ (163): Co(CN)5"^, and HCo(011)5'^ which 
catalyze the hydrogénation of conjugated dienes, or C-C 
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bonds conjugated with C-0, C-N or phenyl groups (164, 
165) in aqueous solution; HRuCl(PPh2)2 (166, 167) which 
catalyzes the hydrogénation of terminal olefins selectively; 
HRu(OOCCF3)(PPh3)3 (168), HRh(CO)(PPh3)3 (169, 170), 
IrCl(CO)(PPh3)2 (171), RhCl(CO)(PPh3)2 (172), H3lr(PPh3)2 
(172, 173), and HIr(CO)(PPh3)3 (174). 
Although Wilkinson's catalyst is efficient for the 
hydrogénation of terminal olefins, variation of the ligands 
is limited since, for example, Rh(P(OPh)3)301 shows no 
activity as a hydrogénation catalyst. Both ligand 
electronic and steric factors have been observed to cause 
drastic changes in the catalytic properties of Wilkinson 
type catalysts. In a series of sterically similar phosnhines, 
the order of catalytic activity increased with increasing 
basicity of the ligand, for example, P(p-CgH^OCH3)3 > PPhg 
> P(o-CgH^F)3 (175). This trend has been explained by 
the relative ease of oxidative addition of to an electron 
rich metal center. However, PEt3 and PEt2Ph form inactive 
complexes (159) although these phosphines have greater 
basicity than the aryl phosphines, and their complexes 
undergo ready oxidative addition of H2 to form RhH2Cl(L)3. 
However, the dihydrides so formed dissociate to only a small 
extent. The extent of dissociation in the dihydride complexes 
show the order PEt3 > PEt2Ph > PEtPh2 > PPh3, i.e., the 
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same as the order of increasing ligand size (175, 176). 
Hence, ligand size is another important factor in 
determining the activity of Wilkinson type catalysts, 
when ligands other than aryl phosphines are used. 
The closely related cationic complexes Rh(diene)L^^A" 
(n " 2 or 3; diene = norbomadiene, 1,5-cyclooctadiene, 
1,3-cyclohexadiene; A" = a poorly coordinating anion such 
as BF^ , PFg" or C10^~; L - phosphines, phosphites, 
arsines) act as catalysts in the hydrogénation of simple 
and highly branched internal olefins (177), diolefins and 
acetylenes (177), ketones and aldehydes (178). Schrock 
and Osbom (179, 180) first prepared and characterized 
such complexes. They used three general methods of 
preparation: i) cleavage of the dimer (Rh(diene)CI)£ by 
phosphorus ligands in polar solvents such as alcohols, 
CH2CI2 or CHgCN according to Equations 40 and 41. (Here 
(Rh(diene)Cl)2 + L ^ 2Rh(diene)ClL (40) 
Rh(diene)ClL + L ^ Rh(diene) 12"*" + CI" (41) 
the cationic complex is isolated by precipitation following 
addition of a bulky noncoordinating counteranion such as 
BF^~, BPh^~, or ClO^".), ii) displacement of the 
chloride and one PPhg molecule from Wilkinson's catalyst 
by the addition of a diene (such as 1,5-cyclooctadiene, 
norbomadiene, 1,3- or 1,4-cyclohexadiene or 1, 3-butadiene) 
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and a noncoordlnatlng anion (Equation 42) and 
Rh(PPh3)3Cl + diene + PF^" -v (Rh(diene)(PPh2)2)+ 
+ PFg' + CI' + PPh] (42) 
ili) treatment of Rh(diene)(acac) with an equivalent 
amount of HCIO^ and then addition of two equivalents of 
the ligand (Equation 41). 
Rh (diene) (acac) + HCIO^ + 2L + Rh(diene)L2*^ 
+ ClO^ + Hacac (43) 
Complexes of the type (Rh^diene)!^)^^ are possible 
for either chelating diphosphines or small ligands. 
Treatment of solutions of the cationic complex 
(Rh(NBD) (PPh3)2)"'^ with PMe2Ph or PMe^ leads to the dis­
placement of PPhg and the formation of five-coordinate 
complexes of the type (Rh(NBD) (PPhMe2)3)^ and 
(Rh(NBD)(PMe3)3) (180). Monodentate ligands such as 
FMe2Ph or AsMe2Ph add readily to complexes of chelates 
such as Rh(NBD)(chelate))^ (chelate • 1,2-diphenyl-
phosphine ethane) to form five-coordinate complexes of 
the type (Rh(NBD) (chelate)L)"''. In contrast, 
(Rh(COD) (PPh3)2)"'', when treated with excess phosphine 
ligands such as PPh2Me, PMe2Ph, or P(0Me)2Ph produces 
type complexes (180) . 
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Both the four- and five-coordinate complexes are 
soluble in polar organic solvents. In solution, they 
react with H2 at 1 atmosphere pressure and 25°C eliminating 
the diene as the hydrogenated product alkene or alkane, 
thus generating the catalytic species (RhL^^CSolv. 
(n - 2 or 3). This reductive elimination of the diene 
generates vacant sites for coordination of both hydrogen 
and the olefin during catalysis. The complex Rh(NBD)L^''" 
(L - PMe2Ph) reacts with H2 and eliminates the hydrogénation 
product of norbomadiene (norbomene). Since KhCKBD)!^*^ 
is five coordinate and thus formally coordinatively 
saturated it must dissociate either a ohosphine ligand 
or NED to oxidatively add H2. Ligand exchange studies 
indicate that dissociation of a phosphine ligand, rather 
than the dissociation of the chelating diene, is the mechanism 
involved (180). Therefore, attack by H2 and hydrogéna­
tion actually takes place on Rh(KBD)L2"'" rather than 
RhCNBD)!^^. The use of a cocrdinating solvent such as 
CHgCN retarded hydrogénation, A comparative study of the 
rate of hydrogénation of l-hexene showed that more 
basic phosphines Increased the hydrogénation rates. 
Faster rates of isomerization of 1-hexene to cis- and 
tranS'-2-hexenes accompanied faster rates of hydrogénation. 
In the presence of H2' (Rh(NBD)L2)^A" (L - PPhg, PPh2(c-hex); 
A" - PFg", BF^' or ClO^') in acetonitrile, THF, acetone 
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or ethanol form (RhH2L2 (Solv) 2)"^A' and these complexes 
could be isolated (179, 180). These species exhibited 
solid-state infrared spectra characteristic of cis-dihydride 
and cis-bound solvents. nmr spectroscopy at -90*C showed 
both free and coordinated solvent molecules and resolved 
2 hydride resonances around 6 30 ppm with - 16 Hz 
and " 27 Hz, indicating that on the nmr time scale 
both phosphine dissociation and loss of hydride are slow. 
Deuterium labelling experiments show that H2 and D2 scramble 
in the absence of olefins. Moreover, hydrogens on olefins 
and ortho hydrogens on PCOPh)] ligand are exchanged with 
deuterium gas (181, 182). These exchanges are observed for 
group VIII transition metal monohydride complexes (such 
as RhH(NO)(PPh3)3 (183, 184) IrH(CO)2(PPh3)2 (185) and 
RuH(NO)(PPh3)3 (186), but are not shown by known dihydride 
complexes such as RhH2Cl(PPh3)2 (187). Moreover, 
isomerization of 1-hexene was depressed by the presence 
of an acid and enhanced by the presence of a base such 
as NEt^ (180). These observations strongly suggest that 
monohydrlde species are formed, that they are in equilibrium 
with the dihydride species (Equation 44), and that the 
neutral monohydrlde species are the more active Isomerlzatlon 
(RhHgl'nCSolv)^)"*' RhHL^(Solv)^ + H"*" (44) 
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and hydrogénation catalysts. The equilibrium between the 
dihydride and tnonohydride could be controlled by addition 
of acid or base to increase or minimize isomerization by 
the monohydride during hydrogénation of an olefin. The 
presence of two hydrogénation catalytic species in an 
equilibrium which can be controlled by the addition of 
an acid or a base coupled with a wide variation of 
ligands that can be used, makes these systems highly 
versatile catalyst systems. Schrock and Osbom (180) 
have presented a mechanism for hydrogénation and isomeration 
of olefins by such cationic complexes (Scheme V). 
When the ligands are PPhg PPh^Me, or PPhMe2, 
dienes such as norbornadiene are reduced to the monoenes 
by Rh(HBD)L2(Solv)jç''" (Solv. = solvent e.g., THF) with little 
difference in the rates of reduction of the diene to the 
mononene with change of the ligands. This implies that 
norbornadiene coordination is by far favored over 
coordination of norbomene and that it easily displaces 
norbomene after hydrogénation of the first double bond. 
Norbornadiene is expected to form a chelating complex 
consistent with the presence of two coordination sites 
available on Rh. The rate of hydrogénation of norbornadiene 
increased slightly with decreasing basicity of the 
phosphines unlike the trend observed for the hydrogénation 
of monoolefins such as norbomene (188) . The presence 
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Scheme V. Pathways proposed for olefin hydrogénation 
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of acids or bases showed no effect on the rate of hydro­
génation of norbomadlene by these catlonic complexes, 
which Indicates that the predominantly active catalyst 
species are not the monohydrides or dihydrides, but rather 
Rh(NBD)L2(Solv)"*" Itself. Thus, norbomadlene effectively 
competes for coordination site on the metal with the oxida­
tive addition of H2. This is consistent with the observed 
rate of hydrogénation which is independent of the concentra­
tion of norbomadlene. In contrast, monooleflns are weakly 
bonding and oxidative addition of H2 takes place at a 
faster rate. Therefore, the predominant catalyst would 
be the hydride species. Therefore, oxidative addition of 
is the rate-determining step in the hydrogénation of 
norbomadlene and the mechanisms of hydrogénation of 
monoenes and dienes by these catalyst systems must be 
different. 
Complexes of bidentate phosphines such as diphos 
(1,2-bis(diphenylphosphino)ethane) are by far the most 
active in this class of catalysts especially for the hydro­
génation of smaller dienes such as 1,3-butadienes (189). 
Complexes of monodentate ligands such as PPhg, PPhgMe, and 
P(0Ph)2 fail to catalyze the hydrogénation of 1,4-butadiene 
because of the formation of a stable intermediate 
(Rh(l,3-butadiene)2L) which deactivates the catalyst. 
The presence of a chelating diphosphlne prevents the 
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formation of such an intermediate and makes the 
diphosphine complexes good catalysts for the hydrogéna­
tion of 1,3- and 1,4-cyclohexadlene and 1,3-butadlene. 
Various workers (190-195) have achieved successful 
asymmetric synthesis of amino acids in very high optical 
yields using optically active phosphines and chelating 
diphosphines as ligands in Rh(I) cationic complexes. 
Among several chiral organophosphorus ligands used are 
chiral ferrocenyl diphosphines (196), chiral amino-
phosphines (196), and phosphinites (197). However, 
phosphite complexes of Rh(I) have not been used as widely. 
The uses of the complexes of phosphites in asymmetric 
hydrogénation catalysis have been described by Brunner 
and Pieronczyk (198). They have used phosphites such as 
61, 62, 63, and 6^ derived from natural, optically active 
sugars such as mannitol and xylose and d-dimethyl tartarate 
in the asymmetric hydrogénation of (Z)-a-acetamidocinnamic 
O 
acid. Complexes of the type (n -C2H^)Rh(P(OR)2)jj (n -
2 or 3, R - alkyls) catalyze the hydrogénation of olefins, 
arenes and acetylenes (199) at room temperature and 1 
atmosphere H2. The mechanism in these systems involves 
the initial fast cleavage of the allyl-Rh bond by H2 
and the formation of propene and rhodium hydride intermediates 
of the type HRhL^, HRhLg and HRhL2 which are active 
catalyst intermediates. 
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The catalytic asymmetric hydrogénation of olefins 
Is one of many so-called "enantloface discriminating" 
reactions (200) In which different proportions of two 
dlastereomerlc intermediates are formed as a result of a 
preferential coordination of a specific face of a prochlral 
substrate on a chiral metal complex leading to the 
preferential formation of one enantlomer of the product. 
Other such reactions Include catalytic oxidation of oleflnlc 
double bonds to epoxides (200, 201), some asymmetric 
intramolecular hydrogen migrations (Isomerization) (202, 
203), hydrosllylatlon of ketones (204), and allyllc 
alkylations of cyclic olefins (205), 
The optical yield in an asymmetric catalysis is 
dependent on the interaction of the prochiarl olefin and 
the chiral catalyst intermediate. The best enentloface 
discrimination is achieved when the metal center itself 
is chiral. Such complexes must possess ligands which are 
bonded very tightly to the metal atom to remain optically 
pure during catalysis (i.e., to avoid racemization of 
the complex). As a general rule such complexes are poor 
catalysts (206). Therefore, to function as a chiral 
catalyst, chlrallty is restricted to the ligands. 
However, where a ligand with a chiral center is coordinated 
to a metal that is a center of chlrallty itself, asymmetric 
induction in the catalytic hydrogénation could be due to 
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interaction of the prochiral olefin with either one or 
both chiral centers (207, 203). Confirming this is the 
observation that the same chiral ligand in two different 
metal complex catalyst systems can yield asymmetric 
products of opposite chirality and ligands of opposite 
chirality in the same metal complex can give products of 
the same chirality (206). 
The formation of the diasteromeric intermediate 
complexes between the catalyst and the prochiral olefin 
substrate during catalytic hydrogénation by Rh(I) 
complexes has been successfully demonstrated by various 
workers (209. 210, 211 , 212) using X-ray crystallography 
and nmr methods. However, little is known about the 
steric and electronic effects on which the stabilities of 
the different diastereomeric intermediates depend. VJhen 
a prochiral olefin (Z)-a-benzamidocinnamic acid is added 
to [(+)-(DIOP)-Rh(MeOH)^]^BF^, a rhodium coupled AB 
31 quartet is obtained in the P nmr spectrum consistent 
with an unsymmetrical chelate structure containing 
only one of two diastereomers. Indeed, hvdrogenation 
in this system gives close to 100% optical yield of the 
31 
corresponding amino acid (213). The P nmr spectrum 
of the complex with the (E;-a-benzamidocinnamic acid showed 
a pattern consistent with the presence of two diasteromeric 
complex intermediates in about equal quantities, and a 
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racemlc mixture of the hydrogénation product amino acid 
is obtained. These findings suggest that the stereochemical 
course of asymmetric hydrogénation in these catalytic 
systems is defined in an olefin-binding step in which a 
square planar intermediate is formed and the subsequent 
addition of hydrogen has only a minor influence on the 
optical yield. 
Brown and Chaloner (210) have also shown that in 
the catalytic hydrogénation of (Z)- and (E)-
a-benzamldocinnamlc acids with the Rh(I) complex of DIPAMP 
(1,2-bis(phenyl-o-methoxyphenylphosphino)ethane), the 
31 diastereomeric intermediates are observable in the F nmr 
spectra. The five membered ring chelate complex of this 
ligand is conformationally more rigid than the six membered 
DIOP analogue, hence it is expected to be a more asymmetry-
31 inducing complex. In the P nmr spectrum two diastereomers 
are observed in the ratio of 91:9 consistent with the major 
and minor enentiomers obtained upon hydrogénation. 
It is clear in this case, that the asymmetric induction 
is predominantly due to stereoselectivity in the olefin 
binding step, i.e., in the enantioface discriminating 
ability of the chiral complex, rather than the relative 
rates of formation of the intermediates or the hydrogénation 
rates of the diastereomeric complex intermediates. 
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The Induced-fit model has been put forward to explain 
31 
the observed P nmr spectra in the rhodium (I) cationic 
complex of the pyrrolidine phosphine (212), BPPM((2S,4S)-
N-t-butoxycarbonyl-4-diphenylphosphino-2-diphenylphosphino-
methylpyrrolidine). The cationic complex ((BPPM)Rh(CODy*C10^ 
and also the reaction product of this complex with H2 in 
CDgOD ((BPFM^RhCCDgOD))^ both showed patterns consistent 
with the existence of two species in each case which 
correspond to two chelating conformational isomers. 
Addition of the prochiral olefin itaconic acid to yield 
the olefin complex ( (BPPM)Rh(olefin) )'*' changed the 
spectrum and the formation of one predominant dia-
stereomeric complex is observed. This is interpreted 
to demonstrate that the rhodium complex takes up a 
preferred conformation on complexing the olefin, i.e., 
an induced fit phenomenon of the chiral rhodium complex 
upon coordination of the olefin occurs. 
Experimental 
Materials: All solvents were distilled (CHgClg and 
ethanol from P^O^g, ether from Na/K alloy) and purged 
with Ng. All reactions were carried out under N2 
31 
atmosphere. All P nmr spectra were taken on a Bruker 
HX-90 spectrometer operating at 36.4 M Hz, All nmr 
spectra were taken on an HA.-60 spectrometer. 
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Preparations 
The dlmer [Rh(C0D)Cl]2 was prepared according to a 
literature method (214). The intermediate complex 
[Rh(COD) (THF)^]'*^PFg" was obtained in solution according to a 
literature method (215) and used in the preparation of the 
Rh(I) complexes of different phosphites. 
Rh(COD)(44)2??^ On adding two equivalents of the 
phosphite to the methylene chloride solution of 
Rh(COD)(THF)^PFg, prepared as described above, the original 
yellow color became faint. The faint yellow solution was 
evaporated under vacuum leaving a yellow powder, which was 
dissolved in methanol. On cooling to 0°C overnight, 
yellow cubic crystals were obtained. The solvent was with­
drawn with a syringe and the crystals washed with ether 
and dried under vacuum giving a 53% yield. The crystals 
are moderately soluble in CHCl^, but very soluble in CH2CI2. 
While the compound is stable in air for hours as solid, in 
chloroform solution it forms a brown deposit over an hour 
at room temperature. On standing for days at room temperature 
in air it forms a yellow gummy material (^H nmr(CDClg) CHg 
6 2.45 m; CH2(C0D) 6 2.48 m; -CH(COD), 6 4.66 m, POCH^ and 
POCH 6 4.85 m). 
Rh(COD)(44)2PFg On addition of three equivalents 
of the ligand, a white precipitate was immediately 
formed. The precipitate was filtered and washed with 
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ethanol and ether, dried under vacuum and redissolved in 
methanol. On cooling to O'C a white powdery solid was 
deposited which was filtered and dried under vacuum giving an 
85% yield. The white solid is stable in air at room tempera­
ture for weeks without any signs of change in the proton or 
phosphorus nmr spectrum. It is soluble in polar organic 
solvents such as methanol, methylene chloride and acetoni-
trile, but insoluble in hydrocarbons (^H nmr(CDClg) CHg 
6 2.45 m; CH2CCOD) 6 2.48 m; CH(COD) 6 4.66 m; POCHg and POCH 
6 4.85m). 
Rh(COD)(l)2PFg: Two equivalents of the phosphite 
were added to a solution of Rh(COD)(THF)^PFg in methylene 
chloride. The yellow color faded as the phosphite was 
added. The faint yellow solution obtained was evaporated 
under vacuum to give a yellowish powdery solid. The 
solid was redissolved in methanol and cooled to ice 
temperature overnight. Yellow needle shaped crystals 
were obtained in 66% yield, on decanting and drying 
under vacuum. The compound is air sensitive both as a 
solid and in solution in chloroform or methylene chloride. 
The solution which is yellow soon changes to dark red 
in air and precipitates white solid particles, (^H 
nmr(CDClg) CH3 6 1.00 s; CH3 6 1.15 s; CHgCCOD) 6 2.70 m; 
POCH2 6 3.80 m; POCH3 6 4.10 d, ^Jpjj - 10.5 Hz; CH(COD) , 
6 4.70 m). 
234 
Rh(COD)(l)2PFg The addition of three equivalents 
of the phosphite by the same procedure as above 
yielded a white precipitate. Filtration, redissolving 
in methanol and reprecipitation by cooling to 0*C 
overnight yielded a white powdery solid which is 
stable at room temperature in air. It is soluble 
in chloroform and methylene chloride, and the solu­
tions are stable in air for at least several hours 
(^H nmr(CDClg) CH3 6 1.0 s; CH3 6 1.15 s; CHjCCOD) 
6 2.70 m; POCH2 6 2.80 m; POCH3 6 4.10 d, -
11.0 Hz; CH(COD) 6 4.70 m). 
Rh(C0D)(lla)2PFe and Rh(COD)(11a)^PF^ These 
complexes were made by the same procedures as described 
in the preceding two preparations. The bis-complex 
of this ligand is a yellow oil obtained by evaporating 
the solvent (48.3% yield). Attempts to crystallize 
this complex from methanol, chloroform, acetonitrile 
failed. The tris-complex is a colorless oil which 
could not be crystallized, was obtained in 68.7% 
yield. The proton nmr spectra are similar except for 
the difference in integration (^H nmr (CDCI3) bis-complex; 
CH3 6 1.40 d, ^Jpjj - 6.5 Hz; POCH2 6 2.0 m; CH2(C0D) 
2.65 m; POCH3 6 3.50 d, - 10.5 Hz; POCHg and POCH 
5 4.20 m; CH(COD) 6 4.70 m). The tris-complex showed 
peaks at the same chemical shifts as the bis-complex 
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with the integration confirming the tris phosphite 
stoichiometry. 
Rh(COD)(43)2PFg: The procedure described above 
gave a yellowish solid which was dissolved in CH^Clg and 
reprecipitated by addition of ether. The precipitate 
was washed with ether and dried under vacuum to give a 
white powder in 82.3% yield (^H nmr (CDCl^) CHg 5 1.50 s ; 
CHgCCOD) 6 2.60 m; POCH2 6 4.65 d, - 8.5 Hz; 
CH(COD) 5 4.80 m). 
Rh(COD)(43)]??^: The procedure described for the 
tris complexes above was used. The product was dissolved in 
ethanol and reprecipitated by addition of ether. The 
white powdery solid obtained was dried under vacuum to give 
the product in 86.0% yield. The nmr snectrum is identi­
cally the same as the bis complex above with the proton 
integration confirming the tris complex stoichiometry. 
Rh(COD)(20a)iPFg" and Rh(COD)(20a)^PFg-: The 
procedure described for the preparation of the analogous 
complexes of 11a above was followed to obtain a yellow solid 
in 65.8% yield as the bis complex and a white solid in 
76.3% yield as the tris complex (^H nmr(CDCl^) bis complex: 
CH3 6 1.42 d; = 7.2 Hz; POCHg 6 2.0 m; CHgCCOD) 6 2.65 
m; POCH3 6 3.50 d, = 11.0 Hz; POCHg and POCH 6 4.20 
m; CH(COD) 5 4,70 m). The tris-complex showed peaks at 
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the same chemical shifts as the bis-complex with Integra­
tion confirming the trls phosphite stolchlometry, 
Preparation of the catalyst system and the catalysis reaction 
For the hydrogénation of dlenes, the complex, 
Rh(C0D)L2A'(L - phosphite, A' • PFg")(1.0 x 10"^ 
moles) was dissolved In 10 ml THF and Injected Into the 
hydrogénation flask In the hydrogénation apparatus shown 
In Figure 14 that had been pre-evacuated. While stirring, 
hydrogen gas was Introduced Into the apparatus. The 
pressure was allowed to reach one atmosphere pressure 
and then the hydrogen gas was permitted to bubble through 
an oil bubbler (about 1 cm height of oil) until equilibration 
of the temperature had occurred. The reddish yellow 
solution became faint In color. After stirring for 15 mln 
and equilibrating the temperature (25* + 0.2*C) and the 
- 2  
pressure (1 atm.), 1.0 x 10" mole of the diene was 
Injected, using a hypodermic syringe, into the flask 
containing the catalyst system. Hydrogen flow was stopped 
and the total pressure was maintained at one atmosphere 
by adjusting the mercury levels to equal heights in the 
two arms of the manometer. No correction was made for the 
partial pressure of the solvent or the olefin. 
The progress of the reaction was monitored by with­
drawing samples at one hour intervals for gc analysis. 
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No inlet 
gK-
to vacuum pump 
Ho inlet 
manometer 
catalysis 
flask 
Figure 14, Apparatus used in the hydrogénation of olefins 
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The rate at which hydrogen gas was being used up was 
monitored by the continuous adjustment of the dropping 
pressure in the reaction flask by equalizing the 
mercury levels in the two arms of the manometer. The 
catalysis was allowed to proceed as far as possible as 
indicated by the depletion of the diene by gc and also by 
the lack of hydrogen uptake. 
For the hydrogénation of the prochiral olefins, the 
catalysts were made in situ. Thus, the hydrogénation flask 
was pre-evacuated and a solution of 49.0 mmole of the sub­
strate in 10 ml ethanol and 9.80 mmole of the ligand in 10 ml 
ethanol were injected using a syringe. While stirring, 
hydrogen gas was introduced and allowed to build up to a total 
pressure of one atmosphere. The system was allowed to 
equilibrate to 25'C and one atmosphere pressure. The ' 
solution of [Rh(COD)[THF)IPFg (prepared above) was 
injected using a syringe. The ligand (9.80 mmole) was 
dissolved in 10.0 ml CH2CI2 and Injected Immediately. 
The mercury columns were adjusted so the total pressure 
was again one atmosphere. 
Hydrogen gas was allowed into the system at about 
20 minute Intervals to keep the pressure at one atmosphere. 
The catalysis was allowed to run 10 hours by which time 
no more hydrogen uptake was detectable on the manometer. 
The reaction mixture was evaporated under vacuum to remove 
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all solvent. The residue was dissolved in water and the 
insoluble complex was filtered off. The filtrate was 
extracted with ether. The ether solution was stirred 
with anhydrous Na2S0^ to remove water. Evaporation of the 
ether solvent gave the solid amino acid products, N-
acetylphenylalanine m.p. 168-170 (lit. 171-173°C (216)) 
and N-acetylalanine m.p. 122-123°C (lit. 124-125°C 
(217). Rotations were measured at 25°C in ethanol and 
HgO. 
Results and Discussion 
Hydrogénation of dienes 
Table 26 shows the spectral data of the Rh(I) complexes 
studied. None of the tris phosphite complexes examined in 
these experiments showed any catalytic activity for the 
hydrogénation of norbornadiene, cyclooctadiene or 1,3 or 
1,4-cyclohexadiene. The bis phosphite complexes, however, 
do show such activity and the rates as a function of the 
phosphite ligand vary somewhat with the phosphite as 
shown in Tables 27-29. There is very little difference be­
tween the rates of hydrogénation of cyclooctadiene and 
norbornodiene by a given complex (Tables 27 and 28). However, 
1,3- and 1,4-cyclohexadiene are hydrogenated at much lower 
rates than cyclooctadiene or norbornadiene by all the 
complexes, as shown in Table 29. 
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Table 26. P nmr spectral data of Rh(COD)L^PFg complexes 
in THF at room temperature 
n • 2 n - 3 
L 6^^P(ppm) jRh-P(Hz) 6^^P(ppm) jRh-P(Hz) 
11a 121.3 243.0 135.1 179.8 
99.4 263.1 119.6 183.1 
20a 120.5 251.9 135.2 178.9 
la 113.3 254.2 124.9 178.6 
43 127.4 260.8 145.4 184.2 
Table 27. Rates of hydrogénation of norbornadiene to 
fiorbomene by Rh(I) Comdexes of nhosnhites 
(Rh(C0D)L2PFg) 
L Rate (mole olefin hydrogenated 
per mole catalyst per hour) 
(+0.02) 
20a 0.18 
11a 0.18 
1 0.15 
« 0.14 
44 0.14 
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Table 28. Rates of hydrogénation of cyclooctadiene to 
cyclooctene byRh(I) complexes of phosphites 
(Rh(C0D)L2PFg) 
Rate (mole olefin hydrogenated 
per mole catalyst per hour) 
L (+0.02) 
20a 0.15 
lia 0.15 
1  0 . 1 0  
^ 0.10 
44 0.09 
Table 29. Rates of hydrogénation of 1,3- and 1,4-
cyclohexadlene to cyclohexene by Rh(I) complexes 
of phosphites (Rh^CODOL^FFg) 
Rate (mole olefin hydrogenated per mole catalyst 
L per hour) 
1,3-cyclohexadiene 1,4-cyclohexadiene to 
to cyclohexene (+0.002) cyclohexene (^.002) 
20a 0.010 0.015 
lia 0.010 0.015 
1 0.010 0.012 
^ 0.002 0.002 
44 0.002 0.002 
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All the complexes studied here, including the bis-
phosphite complexes which hydrogenate the dienes did not 
function as catalysts for the hydrogénation of monoolefins 
such as cyclooctene or cyclohexene to saturated hydrocarbons 
under one atmosphere hydrogen and room temperature. It 
appears that chelating diolefins are the required substrates 
for hydrogénation by this class of catalysts. The hydrogéna­
tion of 1-hexene or 2-hexene to the saturated hydrocarbon 
by the analogous phosphine complexes of rhodium (Rh(COD)L^ PFg 
(n = 2 or 3, L = phosphines such as PPhgMe and PPhMe2) has 
been reported (218). In contrast to phosphine complexes, 
phosphite complexes are poor catalysts for the hydrogénation 
of both dienes and monoolefins (180), The superior quality 
of phosphine complexes of rhodium(I) both in their ability 
to hydrogenate monoolefins and their faster rate of hydro­
génation of diolefins to the monoolefins probably lies in 
the greater ease of oxidative addition of H2 to form the 
dihydride by the phosphine complexes than by the phosphite 
complexes, since more basic ligands enhance oxidative 
additions of H2 (173, 219). 
The rates of hydrogénation of the 1,3- and 1,4-cyclohex-
adiene substrates are significantly less than those of cyclo-
octadiene or norobnadiene. It is observed that during the 
addition of cyclohexadiene, the faint yellow color of the 
hydrogen-saturated solution of the catalyst turned 
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Intensely orange red. Since the originally coordinated 
cyclooctadiene or norbornadiene in the rhodium complex 
is expected to be hydrogenated in the hydrogen-saturated 
solution of the catalyst (220), the formation of the 
intense color indicates complex formation by the cyclo-
hexadienes with rhodium. The slow rate of hydrogénation, 
therefore, is probably due to slow hydrogen transfer, 
rather than coordination difficulty. Also, it is seen 
from Table 29 that 1,3-cyclohexadiene is hydrogenated 
more slowly than 1,4-cyclohexadiene, when L = 20a, 11a 
or 1, probably due to the greater stability of the conjugated 
diene. The slow rates of hydrogénation of 1,3- and 1,4-
cyclohexadiene (Table 29) when L is a bicyclic phosphite 
(43, 44) may arise from a greater stability of the inter­
mediate complex formed by these dienes with the catalytic 
Rh(I) species. 
Asymmetric hydrogénation 
Asymmetric catalytic hydrogénation of prochiral 
olefins which are precursors of aminoacids using Rh(I) 
chelating phosphiue complexes has afforded not only 
high yields of hydrogénation (up to 500 cycles) but also 
optical yields of up to 98% (220). Phosphite complexes have 
not so far been used extensively because of the low 
product yield. Complexes of monodentate phosphines, 
Table 30. Optical yields in the catalytic asymmetric hydrogénation of olefins 
Substrate 
[Olefin]* 
[Rh] Product 
r ,25 % Optical 
I 'D yieldb 
I 
OMe 
PhHC=C(COOH)NHCOCH, 
H2C=C(COOH)NHCOCH^ 
PhHC=C(C00H)CH3 
10 
10 
10 
N-acetyl-(R)- -12.0 
phenylalanine 
N-acetyl-(S)-
alanine 
No hydrogéna­
tion 
2 2 . 6  
-11.7 18.6 
PhHC=C(C00H)NHC0CH, 
H2C=C(COOH)NHCOCH, 
PhHC-C(C00H)CK3 
10 
10 
10 
N-acetyl-(R)- -12.5 23.2 
phenylalanine 
N-acetyl-(S)- -13.6 21.0 
phenylalanine 
No hydrogéna­
tion 
(-)- /°Y 
PhHC=C(C00Ko)MHC0CH-. 10 N-acetyl-(R)- -18.6 34.3 
COuMe J J nhenvlalanime 
MeO—P I 
Vo-^COOMe 
H2C=C(COOHg)NHCOCH. 
phenylalanine 
10 N-acetyl-(S)- -14.6 24.6 
phenylalanine 
PhHC=C(C00H)CH3 10 No hydrogéna­
tion 
®[Rhl refers to concentration of [RhCCOOyLg]??^ used. 
^Calculated from the observed rotations based on the rotations of the 
2 S 
optically pure amino acids: N-acetyl-(R)-phenylalanine [a]jj -51.8(EtOH) 
(221, 222), N-acetyl-(S)-alanine [a]^^ -66.5 (HgO) (223). 
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however, have yielded only poor optical induction (220). 
The Rh(I) complexes of monodentate phosphites we used in 
our experiment showed slow hydrogénation catalysis 
and low optical induction, for the olefins used (Table 30). 
It appears, also, that the functional groups on the olefins 
are Important, since a-methylcinnamic acid could not be 
hydrogenated by these catalyst systems, whereas the other 
two olefins carrying the acetamido group were hydrogenated. 
The presence of an acetamido group probably aids 
coordination of the olefin to the metal. 
Bicyclic phosphite esters form highly stable Ni(0) 
complexes which have little tendency to dissociate. This 
is evident in their lack of any ligand exchange with 
P(OMe)g in the NiL^ complexes in acidic media (224) unlike 
the analogous monocyclic and acyclic phosphites complexes. 
This lack of ligand dissociation in electron rich (d^^) 
NIL^ complexes is attributable to a combination of their 
strong iT-bonding ability and smaller cone angle compared 
to acyclic phosphite esters (88) . The greater ir-bonding 
ability of bicyclic phosphites compared to monocyclic 
and acyclic phosphites is discussed in this thesis in 
the olefin isomerization section. Tolman (225) has 
arranged the importance of TT-bonding in the phosphite 
complexes of metals in the decreasing order Ni(0) > Fe(0) 
> Rh(I) > Pt(II) and probably negligible in comnlexes 
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of the early transition metals which have low d orbital 
electron density. Thus, it might be expected that with 
the reduced ir-bonding ability of Rh(I) compared to that 
of Ni(0), the Rh(I) complexes of the monocyclic and 
bicyclic phosphite esters are more similar to each other 
than in the corresponding Ni(0) complexes. This may 
partially explain the similar rates of catalysis by the 
Rh(I) complexes. 
Moreover, ligand dissociation is not necessary for 
catalytic activity by [Rh(C0D)L2]PFg complexes since they 
become coordinatively unsaturated by dissociation of 
solvent molecules, to coordinate H2. Therefore, phosphite 
ligand dissociation is expected to contribute little to 
catalysis. That the extent of dissociation of L in these 
complexes is negligible is indicated by the absence of 
catalytic activities of the tris complexes Rh(C0D)L2^A". 
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